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Water is an essential and important resource to humans, and the environment. The 
quality and availability of clean water is compromised by the uncontrolled discharge 
of pollutants through anthropogenic activities associated with the quest for improved 
lifestyles. Over the past decades conventional water treatment methods such as 
coagulation, chlorination, flocculation and sedimentation have been reported not 
effective at completely removing organic pollutants and emerging pollutants such as 
organic dyes and pharmaceuticals. There is a need therefore for alternative 
technologies that can address the limitations of these traditional technologies. 
Semiconductor photocatalysts have been widely applied for treatment of organic 
pollutants in water. Some of these semiconductor photocatalyst include 
chalcogenide semiconductors which are easy to prepare, are chemically and 
structurally stabile and are relatively cheap. However, they have the disadvantage of 
recombination of photo induced charge carriers. Many studies are currently focused 
on improving these properties so they can be applicable under solar light (sunlight) 
because it is abundant and relatively cheap. This can be achieved by coupling 
semiconductors with comparable band gaps that can absorb in the visible range and 
reduce recombination of electrons and holes and thus improve the photocatalytic 
activity of the resulting nanocomposite.  
In this study, chalcogenide semiconductor cadmium sulphide (CdS) was synthesized 
for the photocatalytic degradation of organic pollutants. CdS has a small bandgap 
and can absorb visible light. However, it suffers from rapid recombination of 
photogenerated charge carriers. To improve its properties, g-C3N4 nanosheets were 
selected to improve the photocatalytic activity of CdS through formation of a 
heterojunction between the two materials. The two materials were synthesized 
separately through hydrothermal and chemical exfoliation and then combined to form 
a nanocomposite with different mass percentages of g-C3N4 nanosheets (10, 20 and 
30%).  
viii 
The nanocomposites were characterized using microscopic techniques such as high 
resolution scanning electron microscope (SEM), transmission electron microscope 
(TEM), energy dispersive x-ray (EDX), X-ray diffraction pattern, Brunauer Emmett 
teller (BET) and thermogravimetric analysis (TGA). The optical studies were 
performed using UV-Vis spectroscopy and photo luminescent spectrometry. 
SEM and TEM confirmed the successful formation of g-C3N4 nanosheets, CdS 
microspheres and g-C3N4/CdS nanocomposites. SEM analysis also confirmed 
successful exfoliation of bulk g-C3N4, showing layer sheet-like morphology and with 
CdS dispersed on the surface of g-C3N4. The TEM results concurred with the results 
obtained from SEM and confirmed two morphologies of an almost transparent plate 
like material and black dark material on the surface ascribed to CdS microspheres 
showing formation of an interface between CdS and g-C3N4 (10%). BET analysis 
showed an increase in surface area of the g-C3N4 after exfoliation and increase in 
surface area of CdS after addition of g-C3N4 nanosheets. The TGA analysis showed 
a decrease in mass percentage of g-C3N4 after exfoliation and the increase in the 
amount of g-C3N4 nanosheets resulted in decreased thermal stability of the g-
C3N4/CdS nanocomposite.    
The UV-Vis analysis showed improved absorption of light by the g-C3N4 nanosheets 
towards shorter wavelength of the visible spectrum due to a reduced band gap. CdS 
showed an absorption edge in the visible range, as confirmed by its small band gap. 
The application studies confirmed that the photocatalytic activity of CdS was 
significantly improved and the nanocomposite with lowest g-C3N4 nanosheets load 
(10% g-C3N4/CdS) was the best photoactive nanocomposite which achieved 99.4% 
acid blue 25 dye removal. The increase in the amount of g-C3N4 nanosheets loaded 
in CdS resulted in a decrease in the photocatalytic efficiency of CdS. The effect of 
catalyst concentration and dye pH were also evaluated and the increase in catalyst 
concentration resulted in a decrease in the removal efficiency and the highest dye 
removal of 99.9% was achieved at pH 4.  
The working composite (10% CNS/CdS) was further used for the photocatalytic 
degradation of diclofenac sodium (DFC) and a mixture of DFC and AB-25. The 
results showed that the nanocomposite was not very effective in degradation of 
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individual DFC and achieved only 65.8% removal efficiency at pH 6 and the removal 
efficiency increased to 77.2 at lower pH 4 and decreased significantly to 46.1% at 
higher pH 9. The increase in DFC concentration resulted in a decrease in the 
photocatalytic efficiency and higher catalyst loading resulted in high removal 
efficiency. In a pollutant mixture of DFC and AB-25, the photocatalytic efficiency of 
the nanocomposite decreased with increase in AB-25 concentration (5-20 ppm) from 
66.7% to 28.9% and the efficiencies at different pH (2-8) resulted in different removal 
efficiencies. At lower pH (2) the removal efficiency of 88.9% was achieved, while for 
AB-25 only 39.7% removal was achieved.  
The LC-MS results showed that DFC degradation resulted in low intensity and low 
molecular weight intermediates at 108m/z and 75 m/z after 180 min and this is 
associated with ring opening of the DFC to give by-products. The leaching studies 
showed that CdS in CdS/g-C3N4 nanocomposite was unstable and the amount of 
Cd2+ in DFC solution increased from 0.00116 mg/L to 0.00442 after 180 min which is 
insignificant. 
Heterojunction chalcogenide photocatalysts are thus promising materials for visible 
light enhanced degradation of organic pollutants in water.  
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CHAPTER 1  
 
1.1 Background 
Water is a vital and essential resource to all living forms of life. It is found in the 
natural environment and comprises the earth’s oceans, seas, lakes, rivers and 
underground water sources [1,2]. Only 3% of the earth’s total water supply is 
freshwater and only 0.06% can be accessed from the natural springs, rivers, wells 
and lakes. These sources are compromised as they are exposed to a variety of 
contaminants, which affect the human, animal and plant life [3]. There are more than 
1 billion people who have no access to fresh water free of pathogens and 
contaminants. According to the World Health Organisation, the world’s population 
growth is expected to double from 3.4 to 6.3 billion people by 2050 and thus increase 
the need for freshwater particularly for food production, as 70% of the world's 
freshwater withdrawals is for agricultural purposes [4–6]. Rapid industrialization, 
increased living standards and urbanization are also amongst the causes of fresh 
water declines and climate change aggravates the global water scarcity and 
predicted global warming of 2 °C above present temperatures [1,2]. 
Water scarcity remains a problem for both developed and developing countries 
having advanced treatment systems and quality water supplies [7–9]. South Africa is 
one the driest countries worldwide with recent reports on the water shortages faced 
in the country. These are due to factors such as limited and highly polluted water 
sources, low rainfall, increased population growths, high evaporation rates and also 
pollution caused by urbanization, mining industry, power generation and agriculture 
[10]. 
The major water pollutants include organic pollutants such as pharmaceuticals, 
personal care products, dyes, pesticides, surfactants, phenolic compounds, oil and 
phthalates. Some of these pollutants are classified as new emerging pollutants 
whose effects on human health and environment are not thoroughly understood 
[11,12]. 
About 10,000 textile dyes are produced globally in the textile industries and during 
the dyeing processes of the fabrics, not all of the dye is used on the fabrics. Some of 
2 
these dyes remain unfixed to the fabrics and are washed and released as coloured 
water. About 1.000-3.000 m3 water containing dyes and chemicals are released into 
water bodies after the processing of the textiles per day. Some of these dyes and 
chemicals are non-biodegradable, very toxic and pose serious threat to health and 
the environmental [13]. 
Recently pharmaceutical drugs have raised increasing environmental and health 
concerns. They are readily seen as pollutants because they are used to improve 
human and animal health, to improve the living standards and also to help pursue 
the modern way of living. Pharmaceutical drugs are active compounds such as over 
the counter prescriptions, and therapeutic drugs used for prevention and treating of 
diseases in both humans and animals [14,15]. They have multiple functional groups 
and are biologically active at low concentrations and some are resistant to 
biodegradation. Once present in the environment, biological effects such as antibiotic 
resistance of microorganisms, endocrine disruption and chemo-sensitization can be 
induced [16–18]. 
WWTPs are the most common routes of entry of pharmaceuticals into the 
environment such as water, sediments and biota [19–22]. The European Union (EU) 
and United States Environmental Protection Agency (USEPA) developed a list of 
priority pollutants, identifying a number of chemicals in wastewaters and storm water 
runoff which pose a threat to surface water [22]. Under the Framework Directive 
(WFD) 2000/60/EC. Pharmaceuticals and personal care products (PPCPs) such as 
diclofenac, iopamidol, musk’s and carbamazepine were identified as new emerging 
pollutants [23–26]. 
1.2 Problem statement  
Organic pollutants including pharmaceuticals and textile dyes are bio-reactive 
compounds and are introduced into the environment as complex mixtures [27]. 
Pharmaceutical drugs are transformed into harmless by-products by the human 
body, so a combination of drug metabolites excreted by humans are discharged with 
household, industrial and hospital effluents to municipal (WWTPs) [28]. Though their 
effect is centred more on their environmental hygiene rather than their toxicology and 
pharmacology, recent research showed that they have negative biological effects in 
aquatic environment [29]. Some of these pharmaceuticals are endocrine disrupting 
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compounds, that interact with hormones systems and thus interfering with sexual 
development in humans and other organisms. The presence of complex mixtures of 
pharmaceuticals and other organic pollutants even at low concentrations may lead to 
synergistic interactions [30,31]. Pharmaceuticals have raised a concern worldwide as 
they have been detected in the environment across the world [32]. The centre for 
Drug Evaluation and Research.[32] European centre for Ecotoxicology and 
Toxicology of Chemicals (ECETOC) 2008 and World Health Organization (WHO 
2011) developed regulations to evaluate the probable risks of pharmaceutical 
pollutants in the environment [14]. 
Textile dyes are a large group of organic compounds that are potential hazards to all 
life forms and the environment. Their effluents discharged into water bodies, which 
constitutes 80% of the total emissions produced in the textile industry [33]. During 
the dyeing process some the textile dyes do not remain attached on the fabrics and 
end up being released into the environment as textile effluents. Exposure to textile 
dyes can cause respiratory diseases due to the inhalation of dye particles even at 
lower concentrations. Some severe cases include respiratory sensitization with 
symptoms such as itching, watery eyes, sneezing, coughing and wheezing [33,34]. 
The color from the textile dyes causes aesthetic damage and also prevents light 
penetration through water and this leads to reduced rates of photosynthesis and 
lower dissolved oxygen levels and affect aquatic organisms. They are also toxic, 
mutagenic and carcinogenic agents [33]. 
The wastewater treatment techniques include physical (flocculation and coagulation), 
chemical (adsorption, coagulation, membrane filtration and advanced oxidation 
process) and biological techniques. Ozonation has been widely used for waste water 
treatment, though effective has been reported to result in formation of more harmful 
by-products. Physio-chemical treatment only transfer pollutants from one phase to 
another without eliminating them [34].The target compounds are not fully mineralized 
but merely transformed to other compounds requiring further treatment [35]. 
Recently treatment technologies such as membrane filtration, adsorption and 
advanced oxidation processes have attracted lot of attention. Adsorption has gained 
attention due to its simplicity and insensitivity to toxic pollutants however has the 
drawback sorption of desorption after absorption. Membrane technology is relatively 
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expensive but results in fouling which requires further treatment and is time 
consuming [34].  
 
As an alternative advanced oxidation process techniques (semiconductor 
photocatalysis) have attracted attention to overcome the challenges of conventional 
techniques and the above mentioned techniques. These techniques are inexpensive, 
relatively simple, eco-friendly and capable of degrading organic pollutants in water. 
These processes include heterogeneous photocatalysis which is the speeding up of 
a reaction in the presence of catalyst (semiconductor) that absorbs light to degrade 
pollutants. 
  
This work reports on relatively cheap, simple to use and effective semiconductor 
catalysts chalcogenide semiconductor (CdS) and g-C3N4 nanosheets coupled to 
produce an enhanced photocatalyst for the complete mineralization of Acid Blue-25 
and Diclofenac sodium. Chalcogenide semiconductor CdS is a semiconductor that 
has attracted lots of attention due to its small bandgap for applications in the visible-
light making it a promising material for water treatment. A lot of researchers have 
proved that CdS-based photocatalysts have good photocatalytic properties for waste 
water treatment [36]. It is unstable when illuminated with light energy and it is 
susceptible to corrosion and results in recombination of charge electrons and these 
are the limitations of a lot of semiconductors. A lot of studies have focused on 
eliminating this problem through coupling of two or more semiconductors with 
comparable bandgap gap energies to produce a highly photoactive catalyst [37]. 
 
In this work semiconductor g-C3N4 was used to enhance the photocatalytic activity of 
CdS. But g-C3N4 has the limitation of low visible-light response and regeneration of 
electron. To solve this researchers have reported on other  g-C3N4 morphologies 
such g-C3N4 nanosheets, they have higher visible-light response than bulk g-C3N4 
[38,39]. 
 
Recently g-C3N4/CdS based composites have been reported for a variety of 
applications including waste water treatment. However most of the research has 
been focused on the effect of CdS on g-C3N4 photocatalysis [40–42].  
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This work focuses on the effect of exfoliated g-C3N4 nanosheets on CdS 
photocatalysis and potentially eliminate some of the drawbacks of CdS to mineralize 
AB-25 and diclofenac sodium without producing secondary pollutants. 
 
1.3 Aim and Objectives 
1.3.1 Aim 
The aim of this work was to develop a visible light active chalcogenide 
semiconductor g-C3N4 nanosheets-cadmium sulphide nanocomposites for 
photocatalytic degradation of organic pollutants, acid blue-25, diclofenac and mixture 
of acid blue-25 and diclofenac pollutants in water. 
1.3.2 Objectives 
The specific objectives of this study were to: 
➢ Synthesize of g-C3N4 nanosheets through pyrolysis and chemical exfoliation 
method 
➢ Fabrication of g-C3N4 nanosheets/CdS nanocomposites through an in-situ 
hydrothermal method 
➢ Characterisation of the synthesized composites using techniques such as 
Fourier transform infra-red spectroscopy, scanning electron microscopy 
(SEM), energy dispersive x-ray spectroscopy (EDX), Brunauer-Emmett Teller 
(BET), X-ray diffraction spectroscopy, UV-Visible spectroscopy, Transmission 
electron microscopy (TEM). 
➢ Evaluate the effect of different dosages of g-C3N4 nanosheets on the 
photocatalytic activity of CdS. 
➢ Evaluate the photocatalytic performance of the g-C3N4 nanosheets/CdS 
nanocomposites in the degradation of Diclofenac and Acid blue-25 under 
visible light irradiation. 
➢ Assess the possibility of Cd2+ leaching into the treated water using ICP-MS 
Characterization of the photodegradation by-products using LC-MS and to 
propose the degradation pathways and mechanisms 
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1.4 Dissertation Statement 
CdS modified with g-C3N4 nanosheets should possess enhanced photocatalytic 
properties towards visible light photodegradation and complete mineralization of 
organic pollutants in water. By forming a heterojunction of the semiconductors could 
effectively result in a nanocomposite that is photoactive and absorb in the visible 
range because it is relatively safe, cheap and abundant. 
 
1.5 A brief overview of chapters 
This dissertation is divided into these chapters. 
Chapter 1: Provides the background, problem statement, research motivation, 
dissertation statement, the aim and objectives of the study. 
 
Chapter 2: Is the literature review of this research study, which gives 
classification of organic dyes, textile dyes and pharmaceuticals. It also provides 
information on the research approach of the study using semiconductor 
photocatalysis and provides information on the CdS and g-C3N4 photocatalysis. 
 
Chapter 3: Provides details about the methodology and procedures followed to 
achieve the research objectives of the study. It also provides detailed lists of the 
materials used and information on the characterization techniques used in this 
study. 
 
Chapter 4: Details on the characterization and application results of bulk g-C3N4 
and g-C3N4 nanosheets. 
 
Chapter 5: Details on the characterization and application of CdS, 10, 20 and 
30% g-C3N4 nanosheets/CdS nanocomposites. 
 
Chapter 6: Provides the photocalytic degradation results of diclofenac sodium by 
10% g-C3N4 nanosheets/CdS (the working nanocomposite). 
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Fresh water supply is declining slowly [2]. Population growth, rapid industrialization, 
increased living standards and urbanization are some of the contributing factors to 
the decline. Manufacturing industries have been identified as posing a threat to fresh 
water availability water as they discharge large volumes of toxic effluents. Water is a 
vital resource with important application in agriculture, fishing, energy production, 
transportation, tourism and is also important in the growth and sustenance of the 
economy. Clean water is important for a healthy lifestyle and everyone has the right 
to access safe drinking water. However, this vital resource is compromised daily due 
to pollution from human activities [43,44]. Therefore, there is a growing need for 
water reuse. There is a growing need for the development of water treatment 
technologies capable of completely removing pollutants in water specifically organic 
pollutants such as textile dyes and pharmaceuticals and possibly save human life 
and the ecosystem [45]. 
This chapter provides details on dye pollutants and emerging pollutants and their 
impacts on water quality. Advanced oxidation processes and details on 
heterogeneous catalysis are highlighted. Synthetic approaches that have been used 
to develop some of the semiconductors photocatalyst 
2.2 Organic pollutants  
Organic pollutants include dyes, humic substances, phenolic compounds, petroleum 
surfactants and new emerging pollutants (pesticides, pharmaceuticals and personal 
care products). These pollutants are mainly from industries or improper disposal 
from households through flushing down the toilet or through the drain. These organic 
pollutants are toxic to the environment and living organisms and tend to bio-
accumulate once released into the environment even in trace quantities. Their 
toxicity is not limited to the current generation but maybe passed to the next 
generation thus potentially causing gene mutations, birth defects and inherited 
diseases. They also tend to result in more toxic by-products during disinfection and 
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therefore the need for the development of treatment technologies that will reduce 
pollutant load in water and also result in sustainable treatment of the polluted water. 
 
2.2.1 Dye pollutants  
Synthetic dyes are widely used in the textile, leather, plastic, pharmaceuticals, 
cosmetic, food and many other industries [13,46]. There are over 100000 dyes 
commercially available producing over 7 x 105 metric tons per year [47,48]. The 
textile industry is responsible for two-thirds of the dying industry and about 2-5% of 
the dyes remain unused and end up in wastewater effluents [48–50]. The synthetic 
dyes are discharged directly from the industries into the environment and their 
effluents have been identified as one of the toughest wastewaters to be treated, 
affecting the aesthetic merit, water limpidness, and gas solubility of the water bodies 
[51,52]. They are toxic to human health causing skin ulceration, nausea and 
dermatitis and have a high chemical, and biological oxygen demand, suspended 
solids, and intense colour which makes dyes difficult to treat [53]. They also have big 
aromatic molecular structures making them more stable and hard to degrade [54]. 
Their presence in water also reduces light penetration and thus affecting the 
photosynthesis activity of aquatic life [49]. Dyes can either: be anionic (direct) acid 
and reactive dyes, cationic (basic) or non-ionic dispersive. Anionic and non-ionic 
dyes are mainly classified as azo and anthraquinone dyes. Reactive dyes have 
reactive groups and examples include vinyl sulfone (VS), chlorotrainzine (CT), 
trichloropyrimidine (TCP), Difluorochloropyrimidine (DFCP), acid orange (AO), acid 
blue 25 (AB-25), phenol red (PR) and rose bengal (RB).  In textile dying, they bind to 
the fibres by their reactive groups through covalent bonding. Most of these dyes are 
also water soluble and exist in their hydrolysed forms [55–57]. After the dyeing 
process, approximately 50% of the unbound reactive dyes remain in wastewater. 
While anthraquinone dyes vary from red to green-blue dyes, the simple 
anthraquinone dyes are very bright. They are the second most used dyes after the 
azo dyes as they are cheap and easily accessible. Anthraquinone dyes are relatively 
stable under dyeing conditions, they have combined aromatic structures and their 
colour remains in wastewater for a long time which makes them hard to degrade 
[58–60]. Different anthraquinone dyes are obtained by changing the substituent 
groups such as amino, hydroxyl, halogen and sulfonic acid. The electron donating 
37 
and electron accepting nature of the anthraquinone dye can affect the color of the 
dyes, for example electron donating amino groups or substituted amino groups can 
result in change in the color of the dye from yellow to red, purple or blue [61]. Table 
2.1 shows the different anthraquinone dyes and their structures [60]. 
 
Table 2.1. Chemical structure and categories of anthraquinone dyes [21]. 
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2.2.1.1 Acid blue 25 
Among the many anthraquinone dyes, Acid Blue 25 (sodium; 1-amino-4-anilino-9, 
10-dioxoanthracene-2-sulfonate) has a widespread applications in a number of 
industries. It is used for dying of wools, nylon, silk, paper, ink, aluminium, detergents, 
wood, cosmetics and biologicals [62]. Like most Acid dyes it is applied on fabrics at 
pH range 3-7 [63] and it is generally used as a model compound for removal of 
anthraquinone dyes from aqueous solutions. 
2.2.1.2 Acid blue in the environment 
The long-time exposure of AB-25 is toxic to human health as it may cause 
respiratory problems caused by inhalation of the dye particles skin and eye irritation. 
39 
It may also affect the immune system of humans hence its selection as a model 
organic compound in the current study [64]. 
 
2.2.2 Emerging pollutants 
Emerging pollutants are chemical pollutants that have been identified to have 
potential toxicity to the environment and human health. The EU water framework 
directive 2000/06/CE identifies 33 substances as potential emerging pollutants. 
These include pesticides, pharmaceuticals, phthalates and personal care products. 
The major problem with emerging pollutants is the lack of knowledge on their short 
term or long term effect on the aquatic environment and human health [65]. They are 
discharged into the environment by different activities such as disposal through 
municipal, industrial and agricultural waste. They are often present in wastewater 
treatment plants (WWTPs), surface, ground and drinking water suppliers [66,67]. 
Among the above-mentioned pollutants, pharmaceuticals (PhACs) are the most 
recently studied emerging pollutants to date. They are defined as prescription, 
therapeutic and non-prescribed drugs used to treat and prevent diseases in animals 
and humans [68].They are highly used and their demand continues to increase as 
new diseases emerge and are thus continuously released into the environment [22]. 
They are often discharged to the environment through incorrect disposal and 
excretion as metabolites through WWTPs [23]. The Environmental Agency (EA) of 
England and Wales introduced a ranking system of PhACs and personal care 
products (PCPs) to reduce the potential risks to the aquatic environment. Most of 
these PhACs are detected in very low concentrations in fresh water however, many 
are biologically active and affect non-target aquatic organisms [69,70]. 
Drugs such as Ibuprofen, iopamidol, and carbamazepine have been identified as the 
most widely used pharmaceuticals and are priority pollutants as they cannot be 
easily degraded due to their complex structures [71]. 
 
2.2.2.1 Diclofenac sodium 
Diclofenac (DFC) (sodium: 2-(2, 6-dichloranilino) phenyl acetate (Fig. 2.1) is an anti-
inflammatory drug and most widely used pharmaceuticals (PhACs) around the world. 
It is produced in large quantities (100 tons annually) and is used in the form of 
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tablets, capsules, suppositories, ointments and gels for dermal applications, Palmer., 
2012 reported that diclofenac is the 12th bestselling generic molecule globally 
[72].The Intercontinental Market Services (IMS) estimated that 940 tons of DFC are 
consumed globally annually [73]. In 2007 alone about 877 tons of DFC were sold in 
countries including European countries and believed to account for 96% of the D FC 
global pharmaceutical market [73]. Recently it was reported on the Intercontinental 
Marketing Statistical (IMS) health data (serving 82% of the global population) which 
included 86 countries estimating that an average of 1443 tons of DFC is consumed 
globally [74]. This is an indication of how much of DFC is consumed globally and the 
potential effects it has on the environment in terms of production. 
 
Figure 2.1.Chemical structure of Diclofenac [37]. 
In 2013 DFC was included in the watch list of the EU Waster Frame Directive to 
determine the risk management measurements. Few countries imposed regulatory 
measures for the use of DFC. However there are no strict legislations or laws in 
place to govern the production and consumption of DFC, since DFC recently raised 
environmental concerns [75]. 
2.2.2.2 Diclofenac in the Environment 
The source of DFC is from the pharmaceutical industry and is used for human and 
veterinary purposes and excreted as diclofenac and its metabolites. They are then 
released to the wastewater treatment plants (WWTP) or landfills [76]. Because the 
conventional treatment technologies are not effective, the untreated DFC and other 
pollutants are then released to surface water and into drinking water supplies and 
other water bodies (Figure. 2.3.)  Low concentrations of 0.42 µgL-1 and 5.45 µgL-1 




Figure 2.2.Entry pathways of DFC [34]. 
Although DFC is detected in low concentrations (from ng to µgL-1), it has been 
reported to cause a decline in vulture populations in Western Asia [79]. It was also 
reported that ng/L sub-chronic exposure of DFC could interfere with the biochemical 
functions of species and also cause tissue damage of fish [79]. The long term 
exposure of DFC with concentrations (10-20 µg) could induce cytological alterations 
of rainbow trout [18]. Letzel et al. reported that DFC at relatively low concentrations 
of ngL-1 may cause chronic effects on fish [80]. DFC concentration of 4 mg L-1 was 
reported to alter the gene expression of Vitellogenin (VTG) in the liver of laptides 
fish, thereby showing estrogenic effects [28,81]. DFC has been detected globally and 
has raised concerns globally. However most of the reports and detection of DFC has 
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been reported from EU countries and North America, while in Asia the reported data 
is low to predict the environment concentrations because there was no systematic 
reported annual data [82]. Other countries that have reported on the presence of 
DFC in WWTP are Canada, Germany and America where it was even detected in 
drinking water [83,84]. In South Africa there are few reports on the detection of DFC 
with concentration in the range of f1.1 to 15.6 µg L-1 in the WWTP effluent in 
Kwazulu-Natal Province river systems [85]. Archer et al., 2017 reported on DFC in 
the Gauteng Province surface water and WWTW [28]. Table .2.1 shows the 
summary on detection of DFC in South Africa. 
Table 2.2. Detection of DFC in South Africa WWTWs and surface water [45]. 
Concentration 
(µg/L 
Province Sources References 
1.1-15.6 Kwazulu-Natal Surface water Agunbiade and Moodley, 2014 
222.7 Kwazulu-Natal WWTW 
effluent 
Agunbiade and Moodley, 2016 
123.7 Kwazulu-Natal WWTW 
effluent 
Agunbiade and Moodley, 2016 
0.6-8.2 Kwazulu-Natal Surface water Agunbiade and Moodley, 2016 
2.7-5.6 Gauteng WWTW 
effluent 
Archer et al, 2017a 
2.2-2.5 Gauteng WWTW 
effluent 
Archer et al.,2017a 
0.3-2.2 Gauteng Surface water Archer et al.,2017a 
 
2.3 Conventional Water treatment methods 
The conventional waste water treatment plants have been proven not to be effective 
in treating and complete removal of organic pollutants such as organic dyes, and 
emerging pollutants in polluted water. Traditional treatment technologies such as use 
of activated carbon, oxidation, biological methods, nanofiltration (NF) and reverse 
osmosis RO) membranes result in secondary pollution and are energy intensive in 
addition to expertise engineering requirements [86]. Biological processes are not 
able to remove complex pollutants such as emerging pollutants as they are resistant 
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to biological oxidation. [87,88]. Physiochemical treatment methods including 
coagulation, flocculation and lime softening are not effective in removal of 
pharmaceuticals and endocrine disruptors [89–91]. Chlorination kills bacteria and 
pathogens but results in undesirable taste and odour [92]. Ozonation is an expensive 
treatment method and has a short life span. Membrane processes which include 
microfiltration (MF), ultrafiltration (UF), NF and RO have proved to be successful in 
removal of many organic pollutants in water however they are expensive and energy 
intensive and often tend to foul over time [93–95]. 
 
2.3.1 Advanced oxidation processes (AOPs) 
Advanced oxidation processes (AOPs) are alternative treatment technologies for 
wastewater treatment. They are inexpensive, eco-friendly and effective for removal 
of organic pollutants in water [96]. Types of AOPs include Fenton reactions, 
sonolysis, ozonation and heterogeneous photocatalysis [97,98]. Photocatalysis is a 
sub-class of AOPs based on the generation of highly reactive and non-selective 
chemical oxidants (i.e. ●OH, ●O2- O2) which are strongly oxidizing and can degrade 
pollutants into nontoxic products such as carbon dioxide and water [12]. [7] 
 
2.3.1.1 Heterogeneous photocatalysis 
Heterogeneous photocatalysis is the acceleration of a reaction in the existence of 
light and a catalyst to effectively degrade organic pollutants such as 
pharmaceuticals, personal care products, pesticides and organic dyes [99]. It has 
advantages that include (i) ambient temperature operation, (ii) complete 
mineralization of pollutants without producing secondary pollutants and (iii) cost 
effectiveness which are feasible in waste water treatment [100] . However 
photocatalysis has limitations of photostability of the semiconductor catalyst under 
operational conditions, which often results in corrosion of the semiconductor [101–
104].  
The important aspect in heterogeneous photocatalysis mechanism is the generation 
of active species which are hydroxyl radicals (•OH) and superoxide radicals (•O2), 
hydrogen peroxide (H2O2) and oxygen (O2) all known as reactive oxygen species 
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(ROS). However the •O2 and •OH play important roles in the photocatalytic process 
compared to the H2O2 and O2 as they are readily produced (Figure. 2.3).  
 
Figure 2.3.Schematic diagram of photocatalysis mechanism [71] 
During photocatalysis, a semiconductor is absorbs light of certain energy equal to or 
higher than the semiconductor energy gap, this causes electrons to move from the 
valence band (VB) to the conduction band (CB) and leaves holes on the valence 
band which migrate to the surface and scavenge hydroxyl and water molecules to 
form hydroxyl radicals which are strong oxidizing and initiate degradation of 
pollutants. The excited electrons then react with dissolved oxygen at the conduction 
band and result in formation of super peroxide ions and result in redox reactions. 
Catalyst activation by light  
Semiconductor + hv→ Semiconductor (e-CB + h+VB) 
Oxidation process:  The generated positive holes migrate to the surface of the 
catalyst and react with oxygen or water to form free radicals. The radicals degrade 
the pollutants which can accept or donate electrons. The photocatalysis process is 
divided in the following 4 stages[105–107]: 
Semiconductor (h+VB) + H2O → Semiconductor + H+ + OH● 
Semiconductor (h+VB) + OH- → Semiconductor + OH● 
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Reduction Process: the excited electrons react with dissolved oxygen to form 
super peroxide ions and result in a series of redox reactions   
Semiconductor (e-CB) + O2 → Semiconductor + O●-2 
O●-2 + H+ → HO●2 
HO●2 + HO●2→H2O2 + O2 
H2O2 + O●- →OH● + OH- + O2 
Pollutant + OH●→Degradation products 
The degradation capacity of the semiconductor catalyst depends on the nature and 
power of the light source, the amount of active sites of the semiconductor catalysts 
that are present in the reaction medium, the amount of water to produce the hydroxyl 
radicals and the concentration of the pollutants.  
 
2.4 Semiconductor photocatalysis 
2.4.1 TiO2 semiconductor photocatalysis 
There are a variety of semiconductors that have been used for water treatment. TiO2 
is one of the most widely studied semiconductor catalyst due to its superior 
properties such as inexpensive, durability, low toxicity, super hydrophilicity, chemical 
and photochemical stability [108]. However it has the disadvantage of recombination 
of electron hole pairs and it can only absorb UV light having a wavelength smaller 
than 387 nm which accounts for about 3-5% of the solar spectrum, this is due to its 
narrow energy gap of (3.2eV) and hence the application of TiO2 under visible light 
(sunlight) is restricted [109–111].  
The use of UV radiation to activate TiO2 can be expensive and hence much effort 
has been focused on improving the properties of TiO2 to make it an ideal material in 
water treatment applications. The most common modification strategies include 
doping with dye sensitizers, coupling with short bandgap semiconductors, and 
doping with transition metals [97]. In one study TiO2 was coupled with carbon 
nanotubes (CNTs) to enhance its photocatalytic activity, the nanocomposite resulted 
in prolonged lifetime of electron-hole pairs through capturing the electron within the 
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CNTs structure [112]. Dye sensitizers help provide additional electrons to the 
conduction band and enhance the formation of electron-holes [106]. The 
photocatalytic efficiency of TiO2 has been widely enhanced through the use of 
metals such as Pt, Au, Rh, Ni, Cu, and Ag and have effectively transferred electrons 
from the conduction band of TiO2 to the metal particles deposited on the TiO2 
surface, they reduced the recombination of electron hole pairs and increased 
photocatalytic activity [113–116]. A study was reported on the enhancement of the 
photocatalytic activity of TiO2 by deposition of metals such as Pt, Au and Pd for the 
photo-excitation of acid green 16 (AG-16) in aqueous solution and the noble metals 
enhanced the photocatalytic efficiency of TiO2 and inhibited recombination of 
electron-hole pairs and complete removal of (AG-16) was achieved within 30 min 
[114]  
2.4.2 Chalcogenide semiconductors 
Chalcogenide semiconductors contain elements in the groups 16 or VI. Metal 
chalcogenides contain at least one chalcogen anion, and one electropositive metal 
element. Most elements from group VIA are referred to as chalcogens. However, 
metal chalcogenides refers to compounds containing sulphides, selenides and 
tellurides. [117]. The metallic character of these elements increase in descending 
order of the group VIA elements of the periodic table Some examples of 
chalcogenide metal compounds include Na2S, CaTe, Ti2S, Cu2Se, CsBiTe6 and 
AgBiSe2, CdS, CdTe, CdSe. Transition metal chalcogenide are one class of metal 
chalcogenides that have been widely studied due to their narrow bandgap and 
visible light absorption capabilities. They have wide applications including energy 
storage, energy conversion, solar control coating, microelectronic devices, 
photocatalysis and sensors [118,119]. In photocatalysis transition metal 
chalcogenides that contain sulphur include simple sulphides such as Sb2S3, In2S3, 
ZnS and CdS and complex sulphides such as ZnIn2S4, ZnxCdS1-xS and AgIn5S8 
[120]. CdS is one of the most reported transition metal chalcogenide (TMC) which 
has high visible light absorption compared to many other TMC [117,121,122]. 
2.4.2.1 CdS Photocatalysis 
Chalcogenide materials have good properties such as superior optical, 
photosensitization, photoluminescence and photocatalytic properties [123–125], it is 
an n-type semiconductor with a bandgap of 2.4 eV and a promising material for 
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wastewater remediation under visible light. Recently it has been widely reported for 
water purification applications and H2 production [123]. However, more research is 
required to understand the physical and chemical properties of CdS nanostructures 
to develop novel materials for photocatalytic applications. 
2.4.2.2 Optical properties, crystalline structure and phase transition of 
CdS 
The CdS photocatalyst consist of two crystalline structures which are cubic (zinc 
blend) and hexagonal (Wurtzite). The cubic crystalline structure shows a tetrahedral 
structure which belongs to the equated system type with a facial structure and the 
hexagonal CdS crystalline structure shows a hexagonal cone structure (Fig. 2.4). 
The crystalline structures have different stability at different temperature and altering 
the atoms of the material can result in change of the phase structure. In a study a 
mixture of zinc blende and wurtzite CdS were synthesized by a simple sonolysis 
method and by varying the Cd/S ratios, the morphology and phase composition of 
CdS nanostructures were altered [126]. In another study zinc blend CdS 
nanoparticles were successfully transformed to wurtzite micro rods through a 
dissolution-regrowth process [127]. 
 
Figure 2.4.Schematic diagram of (a) zinc blend and (b) hexagonal crystalline 
structure [93]. 
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2.4.2.3 CdS morphologies 
The morphological structure of semiconductors play a significant role in the 
photocatalytic properties of the semiconductor photocatalyst. The nanostructures of 
CdS include 0-dimensional (0-D) which are generally spherical in shape, 1-
dimensional (1-D) which have rod like structures [128–130], 2-dimensional (2-D) 
have sheet like structures, and 3-dimensional (3-D) include hollow spheres [131], 
porous CdS nanosheets-assembles flowers [132] and hierarchical CdS [132] (Fig. 
2.5). 
 Zero dimensional (0-D) structures generally have spherical shape and have the 
advantage of high surface area compared to the other dimensional structures [133]. 
They can be obtained through methods such as combustion method, complex 
thermolysis, sonochemical method, solvothermal method and chemical precipitation 
[134,135]. The type of precursor also play a significant role in the shapes and 
morphologies of the resulting materials. Polyvinylpyrrolidone (PVP) has been 
reported as a capping agent in the synthesis of uniform sized spherical CdS [136]. In 
a study it was reported that PVP can be used as a raw material for the synthesis of 
O-D PVP capped CdS and the synthesized nanoparticles were smaller in size and 
less agglomerated compared to the uncapped CdS [137].  
   
Figure 2.5.Morphological structures of CdS [105] 
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2.4.2.4 Application of CdS based photocatalyst in pollutants degradation 
CdS has high photocatalytic activity at wavelengths shorter than 516 nm ,which is 
attributed to its good carrier transportation capacity and thus enabling efficient 
mobility of photo-generated electrons and holes [138]. However pure CdS is 
unstable when illuminated with light and is susceptible to photo-corrosion or photo-
dissolution where the sulphide ions are oxidized by photogenerated holes [139,140] 
and thus resulting in recombination of electron hole pairs which is the main 
disadvantage of most semiconductor photocatalysts and hence research has 
focused on modifying CdS through metal doping [141] and coupling with other 
semiconductor photocatalysts [142,143] to overcome these drawbacks and enhance 
the photocatalytic properties of CdS. 
2.4.2.5 Modification of CdS  
A lot of researches focused on enhancing the photocatalytic activity of CdS and to 
reduce the drawbacks associated with CdS photocatalysis. These include doping 
with metals and coupling with other semiconductors.  
In a previous study, Ag2S/CdS heterojunction photocatalyst was reported for the 
photocatalytic removal of methylene orange (MO) and RhB. The results 
demonstrated that the Ag2S/CdS composite exhibited a wide absorption ranging 
from ultraviolet (UV) to near-infrared (NIR), demonstrating its potential for solar 
energy utilization. The photocatalytic efficiency increased and 100% removal of RhB 
and MO was achieved [144]. In another study CdS/TiO2 hybrid nanoparticles 
immobilized on polyacrylonitrile membrane were reported for the simultaneous 
filtration and photodegradation of methylene blue (MB) in water. In the study TiO2 
acted as a barrier reducing Cd2+ ions from leaching and also enhanced the 
photocatalytic activity of CdS and 66.29% of MB was removed [144]. 
In another report on the 2-D layer hybrid CdS nanosheets/MoS2 heterojunction 
synthesized via a two-step hydrothermal and ultrasonic treatment technique for the 
photocatalytic generation of H2, MoS2 enhanced the photocatalytic efficiency of 
pristine CdS and 1.7 mmol g-1 h-1 H2 was successfully generated due to effective 
promotion, separation and transportation of charge carriers [145]. 
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Cai et al., 2017 reported on fullerene (C60)/CdS nanocomposite synthesized for the 
photocatalytic removal of rhodamine B (RhB). The composite was synthesized using 
hydrothermal method and results showed that C60 efficiently accelerated the 
separation and transfer of charge carriers and reduced CdS photo corrosion and 
thereby improving the photocatalytic activity of CdS and reducing the photo corrosion 
of CdS. Up to 97% removal of RhB was achieved [146]. 
CdS was also reported on improving the photocatalytic activity of other 
semiconductors. Adegoke et al., 2018 reported on the synthesis, characterization 
and application of CdS/ZnO nanorods heterostructure prepared by hydrothermal and 
photochemical method for the photocatalytic removal of Rhodamine B dye. CdS 
significantly enhanced the photocatalytic activity of ZnO and 85% of RhB removal 
was achieved [147]. 
In this study g-C3N4 nanosheets will be used as a support material to improve the 
photocatalytic properties of CdS. 
2.5 Graphitic carbon nitride g-C3N4 
Graphitic carbon nitride (g-C3N4) is widely studied metal free, visible-light active 
catalyst with a band gap of 2.7 eV. It is a 2-D 𝜋-conjugated polymeric structure 
composed of only carbon (C) and nitrogen (N2). Its structure is similar to that of 
graphene and been widely studied for the synthetic photosynthesis and 
environmental remediation, such as waste water treatment, and air purification (Fig. 
2.6) [148].  
 
Figure 2.6.Chemical structure of g-C3N4. 
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g-C3N4 also known as “melon” is one of the most stable allotrope compared to many 
carbon nitride based semiconductors. It is easy to synthesize, cheap, stable, easily 
scalable and is an outstanding photocatalyst hence it is one of the most favoured 
semiconductor catalyst. Some of its large applications are in water splitting, and 
energy conversion. It has been widely used in H2 generation because of its rich 
hydrogen absorption locations and tuneable band structures [148]. 
2.5.1  g-C3N4 nanostructures 
Different types of nanostructures of g-C3N4 including nanoparticles, nanorods, 
nanowires, nanotubes, nanospheres and nanosheets; have attracted lot of research 
attention for their excellent properties such as solar radiation adsorption ability, 
effective charge carrier separation, high surface area and presence of more active 
sites [149].  
Zero dimensional (0-D) g-C3N4 nanostructures such as quantum dots, have the 
ability to convert Near Infra-Red (NIR) to visible light making them a promising 
material for transfer of energy in photocatalytic systems and to absorb high 
wavelength solar energy [150]. They are soluble and stable in water and have 
applications in water splitting and water treatment [151]. A study was reported on the 
synthesis of g-C3N4 quantum dots from bulk g-C3N4 through thermochemical etching 
and intense fluorescent quantum dots were obtained which indicated their potential 
applications as blue light fluorescent materials and they also exhibit good visible-light 
photocatalytic activity [152] 
One dimensional g-C3N4 structures have rod and ribbon like structures and have 
attracted lots of research due their unique morphology and physical properties in 
photocatalysis applications [153,154]. They also display high photocatalytic 
efficiency compared to a variety of g-C3N4 nanostructures. In a study, g-C3N4 
nanorods were reported for the photocatalytic removal of MB and the g-C3N4 
nanorods photocurrent response was 50-100% greater than the g-C3N4 nanoplates 
from which they were obtained [155]. Mesoporous g-C3N4 is a porous type of g-C3N4. 
It has a large surface that results in enhanced mass transfer and thus high quantum 
efficiency properties. Their internal scattering of incident light ability can be used for 
light harvesting applications [156–158]. 
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Two dimensional g-C3N4 these include nanosheets, or sheet like structures. They 
have high surface area providing abundant reactive sites, good crystallinity, excellent 
photocatalytic properties resulting from their charge-carrier separation probability 
and  result in reduced recombination of charge carries [159]. They have the 
advantage of narrow bandgap and can alter the photo physical behaviour of 
photoexcited charge carriers due to quantum confinement effect [38,157,160]. In a 
study ultrathin g-C3N4 nanosheets synthesized by a green liquid exfoliation method 
were reported for bio-imaging applications and they displayed enhanced photo 
absorption and photoresponse, which induced their high PL quantum yield up to 
19.6%. Ultrathin g-C3N4 nanosheets (UCN) coupled with carbon dots (CQDs) via 
hydrothermal method were also reported for the efficient photocatalytic evolution of 
H2. The results displayed that the carbon nanorods uniformly dispersed on the 
nanosheets surface through the 𝜋 − 𝜋 interactions. The 0.2% CQDs/UCN composite 
provided 88.1 µmol/h H2 evolution [161].  
2.5.2 Optical properties, crystalline structure and phase transition of g-C3N4 
The crystalline structure, surface physicochemical stability, optical, adsorption 
capability, electronic and photo electrochemical properties play important roles in the 
photocatalytic efficiency of semiconductor catalysts.  
The phase structure of g-C3N4 include α-C3N4,β-C3N4, cubic C3N4, pseudo cubic 
C3N4, g-h-triazine, h-heptazine and g-o-triazine with bandgaps of 5.49, 4.85, 4.30, 
4.13, 2.97, 2.88 and 0.93 eV respectively [162]. All the other phases except for g-h-
triazine phases and pseudo cubic have indirect bandgaps in their bulk structures 
[163,164]. β-C3N4 is a super hard crystal phase form of g-C3N4 and its hardness is 
similar to that of a diamond [165]. The g-h-triazine and g-h-triazine units can absorb 
in the visible region of the solar spectrum and thus have applications in a variety of 
photocatalytic fields. g-C3N4 is made up of a 2-D layered strong covalently linked, sp2 
hybridized carbon and nitrogen atoms [164] (Fig. 2.7a) and has two main types of 
structural polymorphs consisting of condensed s-triazine units (Fig. 2.7b) with a 
periodic array of single carbon vacancies and tri-s-triazine (tri-ring C6N7) subunits 
couples through planar tertiary amino groups and has greater vacancies in the lattice 
(Fig. 2.8c) [166]. The energetically tri-s-triazine-based g-C3N4 are 30 kJ mol-1 more 
stable than triazine based g-C3N4 and therefore the tri-s-triazine based g-C3N4 is the 




Figure 2.7. The stacked 2-D layer structure of g-C3N4 (a) s-triazine (b) tri-s-triazine 
(c) the primary block of g-C3N4 [117]. 
2.5.3 Advantages of g-C3N4 based photocatalysis 
The photocatalytic applications of g-C3N4 is one field that has been widely studied 
due to a number of advantages that the material possesses that are important in the 
photocatalytic process such as nontoxicity, readily available, good stability, it 
possesses a stacked 2-D layer structure made of a single-layer nitrogen heteroatom 
and carbon atoms and both C and N are abundant elements, thus it can easily be 
fabricated making it cost effective. The position of the conduction band of g-C3N4 
makes it suitable for a number of reduction reactions because it is more negative 
than most semiconductors (Table 3). The potentials of H2-evolution [157], CO2-
reduction and O2-reduction reactions are also much smaller than these 
semiconductors which suggests that the g-C3N4 photo-generated electrons have a 
high thermodynamic driving force to reduce various kinds of small molecules such as 
H2O, CO2 and O2 and thus making g-C3N4 an ideal material for various applications 
including photocatalytic degradation of pollutants, organic synthesis, photocatalytic 
water splitting and CO2 reduction. It can easily be obtained through a simple thermal 
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condensation of cheap and readily available precursors such as urea, thiourea, 
melamine, dicyandiamide, cyanimide and guanidine hydrochloride [39,168]. 
Table 2.3.Band gap positions of typical semiconductor photocatalyst [139]. 
Semiconductor CB VB Egg/eV 
g-C3N4 -1.30 1.40 2.70 
TiO2 -0.50 2.70 3.20 
WO3 -0.10 2.70 2.80 
Ag3PO4 0.040 2.49 2.45 
BiVO4 -0.30 2.10 2.40 
 
2.5.4 Application of g-C3N4 in photodegradation of organic pollutants 
g-C3N4 has a small energy gap of 2.7 eV which corresponds to wavelengths of 450 
nm and it is thus suitable for visible light harvesting [169]  and thus many 
researchers reported on the modification of g-C3N4 to enhance its photocatalytic 
efficiency and reduce the recombination probability of photo-generation electron-hole 
pairs [170–173]. 
Some modifications of g-C3N4 include metal, non-metal doping, and coupling with 
low bandgap semiconductors. Metal doping involves introducing metals into g-C3N4. 
In a study Fe (III) doped g-C3N4 (Fe3+ g-C3N4) synthesized by in-situ method was 
reported for the photocatalytic degradation of RhB and the Fe enhanced the 
photocatalytic efficiency of g-C3N4 which was 2.5 and 1.8 times higher than that of 
the pure g-C3N4. The increase in the efficiency was ascribed to the efficient inhibition 
of charge carrier recombination [174]. Wang et al. also reported on Zr-doped g-C3N4 
synthesized via a pyrolysis method for the photocatalytic degradation of RhB and g-
C3N4 that displayed improved photocatalytic efficiency and nearly 100% removal of 
RhB was achieved compare to pure g-C3N4 which achieved only 70% RhB removal 
[175]. 
By coupling with other semiconductors to form heterojunctions may result in efficient 
separation of photogenerated charge carries and improved photocatalytic efficiency. 
In a study, g-C3N4 was used as a support for the synthesis for the synthesis of shape 
dependent ZnO and their application in MB degradation. The synthesized dumbbell 
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and coned g-C3N4/ZnO heterostructure displayed enhanced photocatalytic 
efficiencies and 99% MB degradation was achieved [176]. 
A lot of research on CdS/g-C3N4 based heterostructure have been reported where 
CdS was used to enhance the photocatalytic properties of g-C3N4. In a study the 
photocatalytic activity of g-C3N4 hybridized CdS nanoparticles was reported for the 
photocatalytic degradation of RhB, the g-C3N4 hybridized CdS was synthesized via 
successive calcination and hydrothermal process and the photocatalytic efficiency of 
the obtained heterostructure was much higher compared to pure CdS and g-C3N4 
which may have been due to the efficient separation of electron-hole pairs [40]. 
Recently a heterostructure g-C3N4/CdS synthesized via in-situ high temperature self-
transformation method was reported for the photocatalytic generation of H2. The g-
C3N4 nanoparticles homogeneously grafted on the surface of CdS with closely 
contacted interfaces. The optimal photocatalytic activity was achieved with 1wt% g-
C3N4/CdS and achieved 5303 µmol h-1 g-1 with apparent quantum efficiency of 3.61% 
at 420nm [177]. Jiang et al. 2014 reported on g-C3N4-CdS composite, possessing 
high photocalytic activity and photostability for the degradation of methylene blue. 
The CdS enhanced the photocatalytic activity of g-C3N4 where 90.45% MB removal 
was achieved within 180 min [178]. 
In this study the effect of g-C3N4 nanosheets on the photocatalytic efficiency of CdS 
for the degradation of Acid Blue 25 and Diclofenac was investigated. The g-C3N4 
was used as a support for the CdS and the nanocomposite was synthesized via a 
hydrothermal method.  
2.6 Synthetic techniques for CdS 
The synthetic strategy of CdS play an important role in achieving the photocatalysts. 
The synthetic approaches can result in different morphologies, sizes and structures 
which can affect photocatalytic performance of photocatalysts [179]. There are many 
synthetic approaches for CdS based photocatalysts. 
2.6.1 Sonochemical methods 
Sonochemical methods are methods that uses ultrasonic energy to cause a chemical 
reaction. The process occurs by the change in cavitation such as liquid cavities, 
oscillation, growth contraction, physical and chemical changes [179,180]. During the 
synthesis, heat, pressure, heating and cooling rates of approximately 5000 k, 1000 
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atm and ˃109 K S-1 can be produced respectively in a short time [180]. It has been 
reported to result in reduced energy consumption, increase surface area and 
adsorption capacity. However it is difficult to operate in a scale and because of the 
vibration cavities produced during the reaction, few meters of working space should 
be established.  
2.6.2 Solvothermal methods 
The solvothermal method involves the use organic solvent for synthesis of 
photocatalysts. During the synthesis process, reactants are dispersed in the solvent 
and heated at a specific temperature. It is similar to hydrothermal method, the 
difference between the two, is that in hydrothermal method synthesis water is used 
as a solvent while solvothermal uses organic solvents. Solvothermal method results 
in easy controlled size, phase and shape of nanomaterials [36]. 
2.6.3 Co-precipitation method 
Co-precipitation method involves the occurrence of growth, nucleation, coarsening 
and or agglomeration processes simultaneously. It is a simple and rapid of synthesis, 
easy to control the particle size and energy efficient and has been widely used for 
synthesis of many photocatalysts including CdS, however is susceptible to impurities 
in the final product and batch to batch results not reproducible [181]. 
 
2.6.4 Hydrothermal Method 
Hydrothermal method involves synthesis of nanomaterials in aqueous solutions at 
high temperatures above the boiling point of water in a steel autoclave. It has been 
widely reported for CdS and CdS based photocatalysts and resulted in high purity, 
good dispersion and high crystallinity photocatalyst. CdS based photocatalysts can 
be obtained via in-situ, which is a single step method of synthesis and highly 
explored in the production of photocalyst composites. Recently CdS/TNTs composite 
was reported and synthesized via hydrothermal method and resulted in enhanced 
photocatalytic activity and stability of CdS [181]. 2-dimesional CdS nanosheets were 
also reported with well-defined morphology and good photocatalytic efficiency 
towards H2 evolution [182]. Masoud et al 2008, reported on monocrystalline CdS 
synthesis with different morphologies in the presence of thioglycolic acid, by 
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changing the ratio of the reactants, reaction time and temperature, different 
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CHAPTER 3  
RESEARCH METHODOLOGY 
 
3.1 Introduction  
This chapter provides details of the chemicals used and details the procedures 
followed to achieve the aims of this research and it also includes spectroscopic and 
microscopic characterization techniques employed in this research. 
The techniques used to study the surface morphology and optical studies of the 
synthesized samples, thermal stability and optical properties include scanning 
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), Fourier 
transform infra-red (FTIR), X-ray diffraction (XRD), ultraviolet-visible spectroscopy 
(UV-Vis), thermogravimetric analysis (TGA), Photoluminescence spectroscopy (PL) , 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) and High 
performance liquid chromatography (HPLC). 
3.2 Material, reagents and solvents 
Cadmium acetate dihydrate (Cd (CH3COO) 2·2H2O), thiourea (CH4N2S) ,melamine, 
sulfuric acid (H2SO4) 98%, sodium hydroxide (NaOH), hydrochloric acid (HCl), 
ethanol (C2H2O), benzoquinone (C6H4O2), propanol (C3H8O), ethylenediamine 
(C10H16N2O8), Acid blue-25 (C20H12N2NaO5S) and diclofenac sodium 
(C14H11Cl2NNaO2) were purchased from Sigma-Aldrich South Africa and were used 
without further purification. A 0.45 µm PVDF syringe membrane was purchased from 
sigma Aldrich (SA). Deionized water was used throughout this research. 
 
3.3  Experimental procedure 
3.3.1 Synthesis of g-C3N4 nanosheets 
The g-C3N4 nanosheets were synthesized using the method reported in literature 
[184]. The g-C3N4 nanosheets were prepared by firstly preparing bulk g-C3N4 (CN) 
which was prepared by polymerization of melamine at 550 °C at a heating rate of 
10°C min-1 for 6 hours in a furnace. The resultant yellow agglomerate was crushed 
into fine powder. The bulk g-C3N4 (0.5 g) was mixed with 15 mL concentrated H2SO4 
(98 wt. %) in a 200 mL beaker and stirred for 10 min. 10 mL deionized water was 
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added rapidly to the yellow suspension with vigorous stirring until it turned into 
colourless transparent solution. 150 mL ethanol was then added to form a white 
precipitate. The precipitate was centrifuged and washed using ethanol and deionized 
water to remove the excess H2SO4, then dried at 60 °C for 24 hours and calcined at 
400 °C for 1h [185]. 
 
3.3.2 Synthesis of CdS 
The CdS nanoparticles were synthesized using the method reported in literature 
[186] Cadmium sulphide nanoparticles were synthesized using hydrothermal method 
where 2.3 g of cadmium acetate and 0.36 g of thiourea were dissolved in 60 ml 
deionized water and admixed together, then stirred for 1 hour to allow homogeneity 
thereafter the solution was transferred into a 100 ml steel autoclave and then heated 
at 180 oC for 24 hours. The obtained precipitate was washed using ethanol and 
deionized water to remove any impurities thereafter dried at 60 oC for 6 hours [186]. 
3.3.3 Synthesis of g-C3N4/CdS 
The g-C3N4/CdS nanocomposites were synthesized using the modified method 
reported in literature [187]. CN/CdS nanocomposites were synthesized using the in-
situ hydrothermal method where 2.3 g of cadmium acetate and 0.36 g of thiourea 
were dissolved in 60 ml deionized water and stirred for 1 hour, then 10, 20 and 30% 
CNS were added to the solution then stirred for 24 hours to achieve a homogeneous 
suspension, the resulting solution was transferred into a steel autoclave and then 
heated at 180 oC for 24hours thereafter washed using ethanol and deionized water 
and dried at 60 oC for 6 hours. 
 
3.4 Application procedure 
3.4.1 Preparation of Acid blue 25 (AB-25) 
A stock solution with a concentration of 100 mg/L AB-25 was prepared by weighing 
20 mg of 40% AB-25 and dissolving with 500 mL deionized water in a 500 mL 
volumetric flask. From the stock solution, standard solutions with concentrations (10, 
20, 30 and 50 mg/L) in 100mL volumetric flask were prepared by dilution method.  
The 10, 20 and 50 mg/L standards were used to optimise the concentration of AB-25 
and g-C3N4/CdS composites for the photocatalytic degradation studies. 
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3.4.2 Preparation of Diclofenac sodium (DFC) 
A 50 mg/L stock solution of DFC was prepared by weight 50 mg of DFC and 
dissolving with 500 mL deionized water in a 500 mL volumetric flask. From the stock 
solution 5, 10, 15, 20, 30, 35 and 40 mg/L of the stock solution were pipetted into 
100mL volumetric flask and diluted to obtain the calibration curve and the working 
standard. 




             (3.4) 
Where 𝐶𝑜 is the initial concentration of sample and 𝐶𝑓 is the final concentration of 
the solution. The 10, 20, and 40 mL of the standards were used throughout the 
experimental procedure for the photocatalytic degradation studies.  
3.4.3 Photocatalytic degradation studies 
Parameters such as, catalyst dosage/concentration, pH of solution, volume of the 
pollutants and reusability test were studied to determine the photocatalytic efficiency 
of the nanocomposites.  
3.4.3.1 Effect of catalyst dosage 
To determine the optimum amount of catalyst needed to carry the photocatalytic 
studies, the catalyst dosage in the range 10-40 mg of photocatalyst were used to 
carry the photocatalytic degradation studies of AB-25 and DFC. 10, 20 and 40 mg of 
Catalyst were weighed and added into volume of AB-25 and DFC, stirred in the dark 
for 30 min to allow homogeneity.    
3.4.3.2 pH of the pollutant solution 
The effect of pH of the pollutants were evaluated during the photocatalytic 
degradation studies,3 M HCL and 1M NaOH were prepared and used to adjust the 
pH of AB-25 and DFC to 3-9 and 2-10 respectively [188].  
3.4.3.3 Volume of the pollutants 
The effect of pollutant concentration was evaluated and concentrations of acid blue 
25 dye were selected according to the effluent discharges.  The volumes for AB-25 
and DFC, 10-50 mL and 5 -15 mL were evaluated respectively [189].  
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3.4.3.4 Reusability Studies 
The 10% CNS/CdS nanocomposite was filtered and washed with deionized water to 
remove any adsorbed pollutants of the surface of the photocatalyst and dried at 60 
ºC for 6 h after each photocatalytic cycle [62]  
 
3.5 Instrumental techniques 
3.5.1 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) is a type of electron microscopy that is used to 
determine the surface of a material. The sample is placed in a raster pattern 
containing an electron beam. The SEM contains an electron gun, where a beam of 
electrons are generated in a column and onto a series of electromagnetic lenses 
which are tune wrapped in coil referred to as solenoids. The coils are adjustable and 
focus the electron beam on the sample and thus cause fluctuations in the voltage 
which may increase or decrease the speed in which the electrons interact with the 
material surface.  When the electrons of the instrument interact with the electrons in 
the sample, electrons are released in the form of a signal from the surface of the 
sample containing information about the surface, shape, texture and composition of 
the sample and image is generated. Fig. 3.1 shows the schematic diagram of 
scanning electron microscope. 
 
Figure 3.1. Schematic diagram of scanning electron Microscopy [5]. 
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SEM has found applications in the field of science, biology, forensic science 
gemmology, and medicine. It is also one of the most important imaging instruments 
for structural analysis of nanoparticles. It can provide information about the 
microstructures of samples, reveal spatial vibrations and identify the crystalline 
structures [190]. 
The surface morphology and elemental composition of bulk g-C3N4 (CN), g-C3N4 
nanosheets (CNS), CdS, CNS/CdS nanocomposites was determined using the 
scanning electron microscopy (SEM)-JOEL (JSM-IT 300 series) coupled to EDX 
(Oxford X-MAX 50) The prepared samples were placed on a double sided carbon 
tape adhesive mounted on a aluminium stub holder. The samples were then gold 
coated by a cathodic sputtering to improve visibility of the samples and enhance the 
surface conductivity. 
3.5.2 Energy dispersive X-ray spectrometry (EDX) 
Energy dispersive X-ray spectroscopy (EDS) is a technique used for quantitative and 
qualitative analysis of materials and is commonly used together with SEM and TEM 
as an attachment, it gives information about the elemental surface composition of the 
materials. 
3.5.3 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) provides the morphology, composition and 
crystallography information of the sample. Fig. 3.2 shows the schematic diagram of 
TEM analysis. In a typical TEM, air is pumped out of the vacuum chamber which 
creates a space for electrons to move. The electrons pass through multiple 
electromagnetic lenses. Solenoids which are tubes with a coil wrapped around them 
where a beam of electrons pass through them and down the column and make 
contact with the screen where the electrons are converted to light and form an 
Image. The voltage gun in the instrument is adjusted to increase or decrease the 
speed of electrons and also change the electromagnetic wavelength through the 
solenoids. During transmission, the electrons are directly proportional to the 
wavelength of the electrons, where the faster the electrons move, the shorter the 
wavelength of the electrons. Shorter wavelengths result in high quality and more 
detailed images. The images are obtained as dark and light areas, where the light 
area of the image represents the places where a large number of the electrons were 
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able to pass through the sample and the dark areas represents the dense are of the 
sample. These areas contain the information on the structure, texture, shape and 
size of the sample.  
 
Figure 3.2. Schematic diagram of TEM [7]. 
In this study the TEM analysis was carried on a Tecnai G2F2O X-Twin MAT 
(Eindhoven, Netherlands) operating at 200 kV. During the analysis the sample was 
dispersed in ethanol, sonicated for 2 hours, air dried and placed on copper coated 
grid and thereafter the dried sample placed in the instrument.  
3.5.4 Fourier Transform Infra-red 
Fourier transform-infrared spectroscopy (FTIR) is an instrument used to determine 
the structure and functional groups of samples. A typical FTIR consist of two beams 
from the IR-source which pass through the sample and reference chambers as 
independent beams (Fig. 3.3). The optical chopper focuses the reference and 
sample beams. One beam passes through the sample and the second beam passes 
through a reference sample for analytical comparison of transmitted photon wave 
front information. Once the incident radiation passed through the sample, a wave 
front of radiation is dispersed by gratings and slits into the instrument frequencies. 
Different slit sizes have different impact on the results obtained. Narrow slits result in 
better resolution and the to distinguish the spaced frequencies of radiation and wider 
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slits allow more light to pass through the sample and reach the detector, providing 
good system sensitivity. The emitted wave front beam strike the detector and 
generates an electrical signal as a response where they processed by the computer 
using mathematical algorithm to give the final spectrum. 
. 
 
Figure 3.3. Schematic diagram of FTIR [8]. 
A PerkinElmer FTIR spectrometer Frontier (spectrum 100 spectrometer) in the range 
of 400-4500 cm-1 and 2 cm-1 using the pallet presser method was used to determine 
the functional groups of the prepared samples. The samples were prepared in KBr 
under vacuum using the pellet presser (international Crystal laboratories, New 
Jersey, USA). The instrument was set for analysis in the spectral range with optimal 
resolution from (400-4500 cm-1).  
3.5.5 X-Ray diffraction analysis 
X-Ray diffraction is a technique used to determine the crystallinity, phase structure 
lattice properties, structural identification and texture of a sample [191]. During the 
analysis, X-rays are generated by a cathode ray tube, which are filtered to produce 
monochromatic radiation and are then collimated to concentrated and directed 
towards the sample (Fig. 3.5). When the sample interacts with the incident rays, 
constructive interference and diffraction array occurs following the Bragg’s Law: 
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(𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃)                  (3.5) 
n is an integer 
𝜆 is the wavelength of the X-rays measured in angstrom 
d is the interplanar spacing that generates the diffraction in angstrom and 𝜃 is the 
angle of diffraction. 
It is a relation of the wavelength of the electromagnetic radiation to the diffraction 
angle and the lattice spacing in a crystalline sample. The diffracted X-rays are the 
sent to the detector, where they are processed and counted.  
 
 
Figure 3.4. Representation diagram of incident and diffraction rays [10]. 
The crystalline size and micro strain of the samples can also be obtained using the 
XRD. Profile widths also provide determine domain and crystalline size. The peak 
width profile increase of the diffraction beam increases with decreasing crystalline 
size and micro-strain of the samples are estimated using by the Debye-Scherrer 




                 (3.6) 
ɛ =  𝛽/4 𝑡𝑎𝑛 𝜃                 (3.7) 
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D is the crystalline size 
𝜆 is the wavelength of the x-rays 
K is the dimensionless constant,  
𝜃  is the Bragg angle 
Β is the full width at half-maximum (FWHM) of the peak in radians corrected for 
instrumental broadening and is equal to 0.154059 nm [11]. 
The XRD, Rigaku SmartLab X-Ray Diffractometer at room temperature using the Cu-
K𝛼 (𝜆=0.154059 nm) source operated at 45 kV and 200 mA with 2𝜃 range of 5o to 
90o and scan speed of 2o/min was used to determine the crystallinity and micro strain 
of the samples. The sample was placed on the XRD sample holder then placed in 
the instrument.  
 
3.5.6 BET analysis 
The Brunauer Emmett teller (BET) is generally used to evaluate the surface area and 
porosity of solid samples. During surface area analysis, gas is adsorbed on the 
surface of the sample, the amount of gas adsorbed which corresponds to a 
monomolecular layer on the sample surface is calculated (Fig. 3.8). The calculation 
is carried in the presence of liquid nitrogen (N2) and is measured using the 
















              (3.8) 
P is the equilibrium partial vapour pressure of the adsorbed gas at 77.4 K in 
Pascal’s. 
P0 is the saturated pressure of adsorbed gas in pressure 
Va is the volume of gas adsorbed at STP to produce an apparent monolayer on the 
sample surface in millilitres. 
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Vm is the volume of the gas adsorbed at the standard temperature and pressure 
(STP) (ml). 
C is a constant with no dimensions, it is related to the enthalpy of adsorption of the 
adsorbate gas on the solid sample. 
Va value is measured at each but not less than 3 values of P/P0, therefore the value 







               (3.9) 
 
Figure 3.5.Schematic diagram of BET analysis [12]. 
The Emmett-Teller (BET) TriStar surface and porosity analyser was used to find the 
surface area of the prepared sample and during the analysis. The sample was 
prepared overnight in a micrometrics Flow Prep 060 samples degassed system at 
180 oC prior to analysis to remove gases and vapours adsorbed on the surface of 
the sample during the sample preparation, treatment, sample handling and storage. 
 
3.5.7 UV-Vis analysis 
UV-Vis is an instrument used to conduct the optical studies of both solid and liquid 
samples. Generally in a UV-Vis, a beam of light with wavelength in the range of 180-
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1100 nm passes through the moochromator which then passes through a cuvette 
carrying the sample. The samples absorbs the ultra violet or visible light irradiation. 
The amount of light the sample absorbs depends on the concentration, the path 
length of light passing through the sample and how well the sample absorbs the light 
with certain wavelength. The amount of absorption by the samples is related to the 
concentration of the samples and is given by the relation Lambert-Beer’s law 
equation (3.10). Fig. 3.8 shows the schematic diagram of UV-Vis. 
 𝐴 = 𝜀𝑙𝑐                (3.10) 
A is the absorbance  
𝜀 is the molar absorption coefficient 
𝑙 is the path length in centimetres (cm) 
𝑐 is the concentration of the sample in mol per litter (mol-L-1) 
The bandgaps of the materials can be estimated from the absorption spectra using 







                (3.11) 
Where hv is the energy bandgap, h is the Planck’s constant and c is the speed of 
light.  
The path length of light through the sample. It is equal to the thickness of the sample 




= 𝑙𝑖𝑛(10)𝜀𝑙             (3.12) 
Where A is the absorbance, 𝛼 is the absorbance coefficient and 𝑙 is the path length. 
According to the Davis-Mott relationship for which the values of 𝛼 are above 104 cm-
1 the data follows the Tauc equation (3.13):  
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − Eoptg) n                (3.13) 
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The absorbance (A) depends on the transition probability, 𝛼 is the absorption 
coefficient, Eoptg is the optical band gap and n is the number with transition processes 
and the values of 2, 2/3, ½ or 1/3 can be either direct (allowed), direct (forbidden), 
indirect (allowed) and indirect (forbidden) respectively [62]. 
Tauc plot with relation (𝛼ℎ𝑣)n vs hv can be used to determine the energy gap of the 
materials and extrapolated to fit the baseline at y=0.  
 
The degradation rate of pollutants can evaluated by presenting the degradation data 
using the Langmuir-Hinshelwood first order kinetics using the equation (3.14.): 
𝑟 =  −𝑑𝐶/𝑑𝑡 = 𝜅𝑟𝐾𝐶/(1 + 𝐾𝐶)             (3.14.) 
𝜅𝑟 is the rate constant and 𝐾 is the equilibrium coefficient. When 𝐾 ≪1 the 
concentration of the analyst is small due to the dilution and thus the reaction kinetics 
order is pseudo-first order as 𝐾𝑎𝑝𝑝 is the reaction rate constant with equation: 
𝑙𝑛𝐶0/𝐶𝑡 = 𝜅𝑟𝐾𝑡 = 𝑘𝑡               (3.15) 
𝐶0 and 𝐶𝑡 are the concentrations of AB-25 at reaction time t. The rate constant is 
determined from the slopes of the 𝑙𝑛𝐶0/𝐶𝑡 vs 𝑡 graphs and the slope is the rate of 
photocatalytic degradation (min-1). 
The obtained band edge potentials can be used to determine the separation of 
charge, the band edge potentials at the conduction band (CB) and valence band 
(VB) of materials using the Equations (3.15) and (3.16): 
𝐸𝑣𝑏 = 𝑋 − 𝐸
𝑒 + 0.5𝐸𝑔               (3.16) 
𝐸𝐶𝐵 = 𝐸𝐶𝐵 − 𝐸𝑔                  (3.17) 
𝑋 is the mean of the electronegativity of the atoms, 𝐸𝑒 is the free electrons energy on 
the hydrogen scale and it is approx. 4.5 eV,  𝐸𝑔 is the band gap of the 
semiconductor,  𝐸𝐶𝐵 and 𝐸𝑣𝑏are the CB and VB potentials respectively [193] 
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Figure 3.6. Schematic diagram of UV-Vis [14]. 
The optical properties of the samples were determined using UV-Vis absorption 
spectrophotometry on a PerkinElmer UV/Vis/NIR spectrometer Lambda 1050 where 
the standards for Acid blue-25 and Diclofenac sodium were prepared to obtain a 
calibration curve, thereafter the concentrations of the samples were analyzed 
quantitatively analyzed in the instrument set in the range (800-250).  
 
3.6 Photoluminescent spectrophotometry 
Photoluminescence spectroscopy (PL) is an instrument that determines the optical 
properties of a sample and is related to UV-vis. During sample analysis, light passes 
through the sample and is absorbed, and photons on the surface of the sample are 
excited to higher electronic state and release energy of photons. When the energy of 
photons relax, they fall to a lower energy level, the excess energy is then emitted 
(luminescence) and therefore the word photoluminescence (Fig. 3.9). 
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Figure 3.7. Basic principle of PL [15]. 
The PL spectra in this study was obtained using the HORIBA Fluorolog 3 (FL-1057) 
with 450 W tungsten xenon lamps. The excitation wavelength of g-C3N4 and CdS 
were 350 nm and 372 nm respectively. The S1-PMT detector was from 300 to 800 
nm. The samples were placed in PL sample holder, thereafter placed in the 
instrument. The data was collected and analyzed. 
 
3.7 Photoreactor 
The application of semiconductor nanoparticles in photocatalysis requires excitation 
with light energy at wavelength exceeding the band gap of the semiconductor. This 
light source includes UV and visible light. UV represents only 5%-8% of the solar 
spectrums at sea level and hence only a limited amount of light of the required 
artificial illumination of the catalyst for degradation of the organic pollutants to occur 
and it is hazardous to use. Different types of light sources have been reported 
towards water purification applications. These include LEDs (light emitting diodes) 
light sources. They are reliable, cheap and have high current to light conversion 
efficiency and produce less heat making them more efficient compared to 
conventional light sources that produce mercury [194]. LED light sources with 
selected wavelength can easily be designed. 
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In this study the photocatalytic degradation of the chosen pollutants discussed in the 
previous chapter was carried out under visible light irradiation using a 24V RGB LED 
light source. The reactor consists of a glass beaker (v=2L) wrapped up by the 5 m 
LED strip (white color, 12W.m-2 power rating) externally coated by aluminium foil for 
the control of external light as shown on (Fig. 3.10). 
 
 
Figure 3.8. Schematic diagram of the photocatalytic reactor. 
3.8 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
The Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an 
instrument that is mostly used for determining trace metal of samples. The sample is 
injected into the instrument, converted into to aerosol and passed through to a 
central channel and led into an argon plasma. The aerosols are vaporized at a 
temperature of 10 000 K where the elements of the samples are liberated as 
gaseous free atoms and are excited by energy produced through collisional 
excitation. Wavelengths from their original sources converted it to a signal, amplified, 




Figure 3.9.Schematic diagram of ICP-OES [13]. 
The amount of Cd leached into the solutions were estimated using Agilent 
technologies 700 series ICP-OES. The Cadmium standards of concentration 2-40 
mgL-1 were prepared prior to analysis, thereafter 1 mL of the degraded samples 
were injected into tube vials then placed into instrument for analysis. 
3.9 Ultra-High Performance Liquid Chromatography 
High Performance Liquid Chromatography is an instruments used for the separation 
of different compounds. It consist of two components which is the stationary phase 
(packing material of the column) and the mobile phase (eluent). The molecules of the 
analyte retarded as they pass through the stationary phase. The samples are eluted 
at different times due to the intermolecular interactions between the molecules of a 
sample and the packing material and this determines their time in the column which 
is the component of the instrument responsible for adequate separation of the 
sample. Thereby, the separation of the sample ingredients is achieved. After leaving 
the column, a detector unit is used to recognize the analyte. The signals are 
converted and by a data management system or a computer and shown in a 
chromatogram. The mobile face is injected to the additional detector unit, a fractional 
collected unit or waste. Thereby, the separation of the sample ingredients is 
achieved. The solvent is delivered by the pump at high pressure and constant speed 
through the system. Components such as the drift, noise of the detected signal 
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should be kept as low as possible by controlling the flow from pump. The sample is 
provided to the eluent by the injection valve [196]. 
 
Figure 3.10. Schematic diagram of HPLC [196]. 
The degradation by-products were determined on a Dionex ultimate 3000 ultra-high 
performance liquid chromatography (UHPLC), (Thermal scientific, Massachusetts, 
United States) system equipped with a binary pump, an online degasser, column  
oven and an auto sampler coupled to impact ІІ Quadrupole time of flight (QTOF) 
tandem mass spectrometer (Bruker, Germany) with electrospray ionization (ESI), 
Chromatographic separation was achieved using Acquity BEH C18 column (2.1 x 100 
mm x 1.7 µm) supplied by Waters Corporation (Milford, MA, USA), ultrapure water 
(A) and acetonitrile (B), both containing 0.1% formic acid, were used as mobile 
phases applying gradient elution. The elution gradient started with 40% of eluent B, 
increasing to 100% in 7 min, holding at 100% for 2 min and then, back to 40% within 
1 min. The flow rate for mobile phase was 0.3 mL min-1, injection volume of 5 µL and 
column temperature at 35 ºC was used. The MS parameters for the analysis were 
the following: drying gas (N2 generated by Peak Scientific Genius nitrogen 
generator) flow rate was 8 min L-1, drying gas temperature was set at 200 ºC, 
nebulizer gas (N2) was 1.8 bar, and the capillary voltage was 4500 V. The mass 
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spectra were recorded across the range of m/z 50-1600 in full scan. The compounds 
were analysed in positive mode.  
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CHAPTER 4  
SYNTHESIS, CHARACTERIZATION AND APPLICATION OF GRAPHITIC 
CARBON NITRIDE NANOSHEETS 
 
4.1 Introduction 
This chapter demonstrates the characterization and application of exfoliated graphitic 
carbon nitride for the photocatalytic degradation of AB-25. Bulk graphitic carbon 
nitride was exfoliated to form graphitic carbon nitride nanosheets (section 3.1). The 
application of AB-25 was carried at the initial dye pH of 5. This was done to confirm 
the improved photocatalytic efficiency of exfoliated g-C3N4 (nanosheets). 
 
4.2 Results and discussion 
4.2.1 X-Ray diffractometer (XRD) 
The crystalline phases and purity of CN and CNS were characterized using XRD 
analysis (Fig. 4.1). Two characteristic peaks of CN were identified at 2Ɵ = 13.7°, 
27.5 and for CNS were identified at 13.9° and 27.7° and were indexed to (100), (002) 
respectively as indexed in JCDPS 87-1526. The lattice planes indicate that the 
natural crystalline structure of CN was maintained in CNS with small changes. The 
peak at 27.5o was characteristic of the (002) planar due to the interlayer stacking of 
aromatic systems of graphitic materials and the weak diffraction peak at 12.8° was 
characteristic of the (100) planar due to the interplanar stacking which significantly 
weakened after exfoliation [187,197].  
The crystallite sizes (d) and micro-strain (ɛ) values of the synthesized materials were 
estimated using Scherrer equation (3.6) and micro-strain equation (3.7); 
The micro-strain values of CN and CNS were determined to be 0.00196 and 0.00261 
respectively. The increase in micro-strain and crystalline broadening resulted in the 
broadening of XRD profiles. 
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Figure 4.1. XRD patterns of CN and CNS. 
 
4.2.2 Fourier transformation infra-red (FTIR) 
The functional groups of the prepared materials were determined using FTIR 
analysis (Fig. 4.2). The characteristic FTIR analysis CN and CNS were similar. The 
peaks at 806 cm-1 are ascribed to tri-s-triazine ring, the peak in the range 1200-1700 
cm-1 is ascribed to the aromatic CN stretching modes which maybe either trigonal N(-
C)3 or bridging C-NH-C units [198,199]. The peaks at 1641, 1565, 1465, and 1417 
cm-1 are due to the stretching modes of heptazine derived units which were 
characteristic of the FTIR spectrum of g-C3N4. The broad band at 3000-3500 cm-1 is 
ascribed to the uncondensed terminal amino groups and the peak intensity in the 
range 1200-1700 cm-1 for g-C3N4 nanosheets slightly shifted which may be due to 
the protonation and disintegration of CN [184,200,201].  
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Figure 4.2. FTIR spectra of CN and CNS. 
 
4.2.3 Scanning Electron and Energy Dispersive Microscope 
The surface morphology of CN and CNS were determined with FESEM (Fig. 4.3a 
and b). The FESEM image shows the irregular micrometer size block of CN (Fig. 
4.3.a) [187,202–204]. Furthermore, the layered sheet like morphology of CNS was 
observed (Fig. 4.3b). Moreover some aggregates of CN remained in CNS suggesting 
the CN was not fully exfoliated which may be due to the insufficient H2SO4 to 




Figure 4.3.FESEM micrograms of (a) CN and (b) CNS. 
The elemental composition of CN and CNS were determined EDS (Fig. 4.4a and b). 
The EDS of CN showed the presence of C, O, and N. The elements C and N were 
consistent with the heterocycle group of g-C3N4 (Fig. 4.4). Furthermore, the EDS for 
CNS showed the presence of C, O, N and S. The small S peak was due to residual 
H2SO4 used for exfoliation of CN (Fig. 4.4b).  
    
Figure 4.4. EDX spectra of (a) CN and (b) CNS. 
 
4.2.4 Transmission Electron Microscope (TEM) 
The morphology and structure of CN were determined using TEM (Fig. 4.5). The 
TEM image shows an almost transparent ultra-thick morphology of CNS. The image 
demonstrated that the CNS were stacked on each other and concurs with the 
morphology observed on SEM micrographs (Fig. 4.5a). The SAED (Selected Area 
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Electron Diffraction) was used to determine crystalline structure of CN and suggests 
that the CN is polycrystalline structure which was observed on the SEM images (Fig. 
4.3b) showing different morphologies of both CN and CNS (Fig.4.5b). 
  
Figure 4.5.TEM images of (a) CNS and (b) SAED pattern of CNS. 
 
4.2.5 BET analysis 
The nitrogen adsorption/desorption isotherm of CN and CNS are shown in (Fig. 4.6). 
The N2 adsorption/desorption isotherms exhibit a type H3 hysteresis loop, indicating 
the formation of sheet like morphology supported by the TEM analysis. The BET 
analysis shows a significant increase in surface area of CN from 3.04 to 11 m2 g-1. 
The increased surface area should be beneficial for photocatalytic activity of the 
material because there are more active sites for photodegradation [205]. 
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Figure 4.6.BET analysis of (a) CN and (b) CNS. 
 
4.2.6 Thermal gravimetric analysis 
The thermal stability of the synthesized materials were determined using thermal 
graphitic analysis (Fig. 4.7). The small weight loss below 550 oC was due to the 
dehydration of the sample where water was lost. Major weight loss of 94.1% for CN 
was observed from 563 to 738 oC which was due to thermal decomposition its self 
and also shows robustness and thermal stability after 758 oC [206]. Furthermore 
compared to CN, the CNS had two major weightless at of (10%) from 92.1 to 231 oC 
and 88.2% from 453 to 646 oC after exfoliation. The 10% weight loss is ascribed to 
increase in surface area due to H2O molecule and other substances adsorbed on the 
CNS surface [207].  
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Figure 4.7. TGA analysis of CN and CNS. 
 
4.3 Optical properties 
4.3.1 UV-Vis absorption spectroscopy 
The optical properties of CN and CN were determined with UV-Vis spectroscopy 
(Fig. 4.8a). The CN and CNS displayed UV-Vis absorption in the visible region with 
wavelength edges of 445 nm and 417 nm respectively. A blue shift with respect to 
CN was observed and is ascribed to the decrease in the conjugation length of CNS 
and the quantum confinement effect associated with the single layer structure of 
CNS [184]. The bandgaps of the materials were estimated from the absorption 
spectra using the equation (3.11) to (3.12). 
Tauc plot with relation equation (3.13) were determined using the energy gap of the 
materials and extrapolated to fit the baseline at y=0 and related to and the best fit for 
CN and CNS was for indirect (allowed) transition and obtained bandgap of 2.58 and 
2.62 eV respectively (Fig. 4.7b) [152,208]. The larger bandgap of CNS is ascribed to 
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the acidification effect, which reduced the electron density of the single layers of 
CNS [184,205] 





































Figure 4.8. (a) UV-Vis spectra and (b) Tauc plots of prepared materials. 
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4.3.2 Photoluminescence spectroscopy 
The emission peaks of CN and CNS were evaluated using PL (Fig. 4.9). The 
emission peaks of CN is located at 463 nm and blue shifted to 434 nm for CNS. 
Furthermore, the emission intensity of CNS was lower than that of CN suggesting 
that the CNS had lower recombination rate of electrons and holes, which may result 
in improved photocatalytic performance of CN under light irradiation [157,184,209].  















Figure 4.9. PL spectra of CN and CNS. 
 
4.4 Photocatalytic degradation of AB-25 
4.4.1 AB-25 Dye degradation absorption 
The photocatalytic degradation of AB 25 was followed using UV-Vis 
spectrophotometry at a maximum wavelength of (𝜆max= 603 nm). The photocatalytic 
degradation of AB-25 at a concentration of 20 mg L-1 (50 mL), pH 5 was evaluated 
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using 20 mg L-1 of catalyst. The results showed that the dye absorbance decreased 
with decreasing time showing that the chromophore of the dye after 180 min was not 





















Wavelength (nm)  
Figure 4.10. UV-Vis absorption for degradation of AB-25. 
 
4.4.2 Effect of exfoliation on CN for photocatalytic degradation of AB-25 
The photocatalytic efficiency of exfoliated CN for AB-25 degradation was evaluated 
using the equation (3.4) (Fig.4.11). The degradation in the absence of the catalyst 
(photolysis) the concentration of the dye remained the same therefore the dye was 
not decolorized. Furthermore, the photocatalytic efficiency of CN and CNS 
significantly increased from 23% to 61% respectively, suggesting that the 
photocatalytic activity of CN was successfully improved through exfoliation. However 
the chromophore of the dye was not completely after 180 min decolorized as 39% of 
the dye still remained. 
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Figure 4.11. (a) UV-Vis absorption of AB-25 and (b) Effect of CN and CNS on AB-25. 
 
4.5 Reaction kinetics 
The degradation rate of AB-25 was evaluated by presenting the degradation data 
using the Langmuir-Hinshelwood first order kinetics using the equation (3.13) and 
(3.14). 
The reaction rate of photolysis was slow 0.0001 min-1. Furthermore the reaction rate 
for CN and CNS were 0.0009 and 0.0050 min-1, respectively, showing that the 
reaction rate for CN was slower than CNS and is due to the improved photocatalytic 
efficiency of CN. The fast reaction rate are ascribed to the low recombination of 
photo-induces charge carriers. Moreover, the photodegradation of AB-25 followed 
the pseudo-first order model (Fig. 4.12). 
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Figure 4.12. Reaction rate constants of CN and CNS. 
 
4.6 Proposed mechanism 
The proposed mechanism for transfer and separation of charges during 
photocatalytic degradation AB-25 is shown with a schematic diagram (Fig.13). To 
determine the separation of charge, the band edge potentials at the conduction band 
(CB) and valence band (VB) of CNS and CdS were determined using the equations 
(3.15) and (3.16). 
The CB and VB potentials were -1.07 and 1.55 eV respectively. The obtained CB 
position of CNS is less negative than the standard redox potential of ●OH/H2O 
(2.02eV) and ●OH/OH- (+2.69 eV) (20.90), so the h+ formed react with AB-25 
solution directly and take part in photodegradation of AB-25. Furthermore the 
reduction potential at the CNS CB is more positive than the standard reduction 
potential of O2/●O2- (0.33 eV), therefore the electrons on the CB could reduce O2 into 





Figure 4.13. Proposed mechanism for CNS photodegradation of AB-25. 
 
4.7 Conclusions 
This chapter demonstrated the synthesis of g-C3N4 nanosheets through chemical 
exfoliation of bulk g-C3N4. The obtained results showed that the g-C3N4 nanosheets 
displayed superior photocatalytic efficiency compared to bulk g-C3N4 and achieved 







   2.62 eV 
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CHAPTER 5  
CADMIUM SULFIDE/GRAPHITIC CARBON NITRIDE SYNTHESIS 
FOR PHOTOCATALYTIC DEGARATION OF AB-25 
 
5.1 Introduction  
This chapter discussed the result of the experimental procedure outline in chapter 3, 
section 3.2, it present the application of CdS and its improved photocatalytic activity 
by g-C3N4 for the photocatalytic degradation of AB-25. The g-C3N4 nanosheets 
(CNS)/CdS composites with varied CNS percentage loadings were prepared via in-
situ method of synthesis. Different parameters including effect of catalysts 
concentration, dye concentrations and pH were considered in this study when 
performing the AB-25 application studies. 
 
5.2 Results and discussion 
5.2.1 X-Ray diffractometer (XRD) 
The crystalline phases of (10%, 20% and 30%) CNS/CdS nanocomposites were 
characterized using XRD analysis (Fig. 5.1). The characteristic peaks of CdS and its 
composites were identified at 24.8°,26.5°,28.2°,43.8°,47.9° and 52.9o, and were 
indexed to  (100), (002), (101), (110), (103) and (112) planes (PDF card number 41-
1487) respectively[187,197,213]. The diffraction peaks at 24.8° and 28.2° indexed to 
the (100) and (101) planes indicate the existence of hexagonal wurtzite structure of 
CdS [213]. The diffraction peak at 26.5° for CdS/CdS composites increased with an 
increase in CNS loading which is attributed to the peak superposition of CNS at 
27.5o.  
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Figure 5.1. XRD pattern of CNS, CdS, 10%, 20% and 30% CNS/CdS. 
The crystallite sizes (d) and micro-strain (ɛ) values of the synthesized materials were 
determined using Equations (3.6) and (3.7); 
The calculated crystallite size and micro-strain values of, CNS, CdS, 10%, 20% 30% 
CNS/CdS are listed in Table 5.1. It was observed that the crystalline size of CdS 
decreased with an increase in the amount of CNS added. Furthermore the crystalline 
structure of CdS changed slightly with increasing CNS however the d spacing of the 
composite remained the same suggesting the distance between the planes of the 


















CdS 0.358 71.836 0.001 
 

















5.2.2 Fourier transformation infra-red (FTIR) 
FTIR was used to determine the functional groups of the prepared materials (Fig 5. 
2). For CdS four characteristic peaks were observed at 3452, 1641, 1392 and 1117 
cm-1 respectively. The peaks at 3452 and 1641 cm-1 are ascribed to the adsorbed 
water molecules on the surface of CdS, while the peaks at 1391 and 1117 cm-1 were 
ascribed to the Cd-S band which indicate successful formation of CdS For the 
composite materials the IR bands characteristic of CNS and CdS were observed, 
confirming that the composite materials were composed of both CNS and hexagonal 
CdS [214]. 
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Figure 5.2. HRSEM of CNS, 10%, 20% and 30% CNS/CdS. 
 
5.2.3 Field Emission Scanning Electron Microscope and Energy Dispersive 
Microscope 
The morphology and elemental composition of the materials was studied using FE-
SEM (Fig. 5.3). CdS displayed flower like microspheres in the micro range (Fig. 5.3a) 
[187,202]. The addition of CNS to CdS showed that the CdS microspheres dispersed 




Figure 5.3. FESEM micrograms of 10%, 20% 30% CNS/CdS (a-d). 
 
 Energy Dispersive Spectroscopy 
The EDS spectrum was used to confirm the elemental analysis of the materials (Fig 
5.4). The EDS spectra of CdS confirmed the presence of Cd, S which confirmed the 
formation of CdS microspheres (Fig. 5.4a). The EDS spectra of the composite 
materials (10%, 20% and 30% CNS/CdS) are similar, showing the presence of C, O, 
N, Cd and S, confirming the presence of both CdS and CNS. The C and N peaks 




Figure 5.4. EDS analysis of (a) CdS and 10%, 20% and 30%CNS/CdS (b-d). 
 
The EDS mapping was used to confirm the dispersion of Cd on CNS surface (Fig. 
5.4a-b). The images showed that CdS microspheres were well dispersed on the 





Figure 5.5. EDS mapping images of 10% CNS/CdS (a-d). 
 
5.2.4 Transmission Electron Microscope (TEM) 
The morphology of CdS and 10% CNS/CdS (the working composite) are shown on 
(Fig. 5.6). Fig 5.6a shows a low magnification TEM image of the CdS microspheres, 
the TEM image of a selected region on the surface of the microspheres showed 
small CdS particles of certain nanosized range consistent with results obtained on 
SEM (Fig. 5.6a). The small insert also shows the microspheres particles on the 
surface consistent SEM images. Furthermore 10% CNS/CdS nanocomposite 
showed two morphologies, lighter sheet-like structures that are almost transparent 
which are ascribed to CNS and the darker plate like morphology ascribed to CdS 
(Fig 5.6b). This confirmed that the CdS microspheres formed an interface with the 
CNS also confirmed with the interface crystallinity on XRD (Fig 5.1). The SAED 
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Figure 5.6. TEM analysis of (a) CdS and (b) 10% CNS/CdS and (c) SAED for 10% 
CNS/CdS. 
 
5.2.5 BET analysis 
The pore volume was obtained using the Barrett-Joyner Halenda (BJH) method and 
the obtained results are highlighted in (Table 5.2). The pore volumes of all the 
samples are (<2 nm), indicating the presence of microporous structure in the entire 
sample.  Furthermore higher pore volume resulted in increased surface area of the 
sample, which could lead to enhanced photocatalytic activity. 
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Table 5.2. Surface area and pore volume of the prepared materials. 
Sample 
 










10% CNS/CdS 4.40 0.020 
 
The surface area of CdS and 10% CNS/CdS were obtained using the Brunauer-
Emmett-Teller (BET) (Fig. 5.7). The hysteresis loops of CdS was type H3, indicating 
the formation of slit shaped pores with plate-like particles which is consistent with the 
observed morphology on TEM (Fig. 5.7b) [215]. The BET analysis shows an 
increase in surface area of CdS from 1.11 to 4.37 m2g-1 after addition CNS. 
Furthermore high surface area results in high number of the active sites, which make 
simple transportation of charge carries and thus increase the photocatalytic 
efficiency. 
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Figure 5.7. BET analysis of CdS and 10% CNS/CdS. 
 
5.2.6 Thermogravimetric Analysis 
The thermogravimetric analysis of CdS and 10%, 20% and 30% CNS/CdS 
nanocomposites was studied at room temperature to 900 oC under N2 (Fig. 5.8). Two 
weight loss stages of CdS, the first was 28.8% between 628-787 oC The second was 
at 787-898 oC and 25.9% was lost and the weight loss above 700 oC is ascribed to 
decomposition of hexagonal CdS [216]. Three weight loss stages were observed for 
the nanocomposites. The firs mass between 254-295 oC was due to adsorbed 
moisture on the nanocomposites surface. The increase in CNS amount resulted in 
more moisture lost. Furthermore the higher the CNS amount, the more CdS weight 
loss, which suggest that CdS is more stable than CNS incorporated CdS. This may 
be due to the bond strength variation of Cd-S and CNS-S/Cd [217].Moreover the 
hexagonal decomposition of CdS decreased with increasing CNS amount.  
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Figure 5.8.TGA analysis of CdS, 10%, 20% and 30% CNS/CdS. 
 
5.3 Optical properties  
5.3.1 UV-Vis absorption spectroscopy 
The optical properties of the prepared materials were evaluated using UV-Vis 
spectroscopy (Fig. 5.9a).The absorption of CdS further shifted towards the visible-
light region and higher absorption intensities were observed after the addition of 
CNS. Compared to pure CdS, the adsorption edges of 10%, 20% and 30% 
CNS/CdS blue-shifted towards the visible range from 509 to 489 nm. The blue shift 
in absorption edges implies high band gaps and thus more energy is required for 
photoexcitation of the charge carriers from the valence band to the conduction band 
of the semiconductor.  
The bandgaps of the materials were estimated using the equation (3.11) to (3.13). 
Fig. 5.9b shows the Tauc plots and the bandgaps of CdS, 10%, 20% and 30% 
CNS/CdS were estimated to be, 2.21, 2.17, 2.11 and 2.14 eV respectively.  
The bandgap of CdS (2.21eV) decreased upon the addition of CNS. The lowest 
band gap was observed for 10% CNS/CdS (2.17 eV ) [218]. 
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Figure 5.9. (a)UV-Vis spectra and (b) Tauc plots of prepared materials. 
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5.4 Photocatalytic degradation of AB-25 evaluation 
5.4.1 AB-25 Dye degradation absorption  
The photocatalytic degradation of AB-25 was monitored over time at the wavelength 
of maximum absorption of the dye (Fig. 5.10). The absorbance of the dye solution 
decreased with increasing time. At 180 min, almost no peak observed, showing that 
the dye solution is completely decolorized by the catalyst. 


























 180 min 
 
 
Figure 5.10. UV-Vis absorption spectra for degradation of AB-25. 
 
5.4.2 Effect of CNS/CdS mass ratios on AB degradation efficiency 
The effect of CNS on the photo-activity of CdS was evaluated by varying the mass 
load of CNS (Fig. 5.11). The photocatalytic efficiencies of (CdS, 10%, 20% and 30% 
CN/CdS) were 89.1%, 99.3, 97.8% and 92% respectively. The photocatalytic 
efficiency of CdS was significantly enhanced by addition of CNS. Furthermore the 
10% CNS/CdS lower loading exhibited much higher photocatalytic efficiency of 
99.3% compared to 20% and 30% CNS/CdS nanocomposites and within 60 min 
visible light irradiation the AB-25 solution was almost colourless (see insert Fig. 
5.11). This is due to the high CNS content acting as a recombination centres and 
block the active sites on the surface of CdS and block from passing through the 
catalyst therefore reducing the efficiency of charge separation [214,219]. 
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Figure 5.11. Effect of CNS on CdS mass ratios for AB-25 degradation efficiency. 
 
5.4.3 Effect of catalyst dosage 
The dosage of 10% CN/CdS was evaluated (Fig. 5.12). The photocatalytic 
efficiencies of the composite materials for 10, 20 and 40 mg catalyst were 83%, 99% 
and 66% respectively. The decreased efficiency at lower catalyst loading is due to the 
small charge carriers generated from the photocatalyst [220]. Furthermore the higher 
the catalyst dosage the lower the photocatalytic efficiency of the nanocomposite 
which is attributed to poor light penetration through the slurry solution, thus cause 
excessive light blockage and scattering by the photocatalyst particles and resulting in 
the decreasing number of·OH radicals which take part in the decolouration of the dye 
solution [221]. 
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Figure 5.12. Effect of CNS mass ratios on CdS for AB-25 degradation. 
 
5.3.4 Effect of dye concentration  
Different concentrations of acid blue 25 dye were selected based on the literature 
textile dye effluents discharge which are reported in the range 20-50 mg L-1. For 
initial dye concentrations of 20, 30 and 50 mgL-1 the obtained efficiencies were 
99.3%, 89.5% and 74.8% respectively (Fig. 5.13). The higher the dye concentration 
the lower the photocatalytic efficiency, suggesting there are more active sites for 
adsorption to occur at a fast rate when dye concentration is lower and higher dye 
concentrations result in lower removal efficiency due to shielding of the photons by 























Figure 5.13. The effect of AB-25 concentration. 
 
5.4.4 Effect of pH  
The optimum pH of AB-25 was evaluated during photocatalytic degradation (Fig. 
5.14) and plays a significant role on the adsorption process of pollutants, as it affects 
the overall charge on the dye molecules [188]. Different dye pH solutions of 3, 5 and 
8 were selected to evaluate the effect of surface charge of the catalyst and the ionic 
behaviour of AB-25. The dye concentration and photocatalyst dosage were kept 
constant at 20 ppm and 10 mg respectively. A total volume of 50mL of the dye was 
used in the studies. The photocatalytic efficiency at pH 3, 5 and 8 were 78.8%, 99.31 
and 82.8% respectively. At pH 8 high adsorption of the dye was observed, after the 
addition of sodium hydroxide, the photocatalytic efficiency of the composite (10% 
CNS/CdS) decreased to 82.8% which is attributed to the presence of the hydroxide 
anions and thus competition of the active sites on the surface of the catalyst. At pH 5 
the efficiency increased to 99.31% due to the number of hydrogen ions present and 
making the surface of the catalyst more positive and thus promoting the electrostatic 
attraction activity between the negatively charged sulfonate anion of the dye and the 
catalyst [12,222,223].  
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Figure 5.14. The .effect of pH of AB-25. 
 
5.5 Reaction kinetics 
The degradation rate of AB-25 was evaluated by modelling the degradation data 
using the equation (3.13) and (3.14). The Langmuir-Hinshelwood expression was 
first order [193]. The apparent rate constants at pH 5 for photolysis, CdS, (10, 20 and 
30%) CNS/CdS are expressed on (Table 2). The reaction rate resulted in faster 
reaction rates.  
Table 5.3. Reaction rate constants of the prepared materials. 
Sample 
 














30% CNS/CdS 0.0135 
 
The reaction rate of photolysis was slow. Furthermore the reaction rate of CdS 
decreased with increasing CN ratios and is ascribed to high recombination of charge 
carriers. Moreover the enhanced photocatalytic efficiencies are due to formed 
heterojunction interface of CNS/CdS composites which restrained the recombination 
of photo induced charge carrier’s. Thus the photodegrading of AB-25 followed the 
pseudo-first order model (Fig. 5.15). 
































Figure 5.15. Rate Constants for (a) photolysis, (b) CN, (c) CNS, (d) (CdS), (e) 30% 
CNS/CdS, (f) 20%CNS/CdS and (g) 10%CNS/CdS. 
 
5.6 Photocatalytic stability and reusability 
The photocatalytic stability and reusability of the synthesized materials were 
determined by performing recyclability studies of the optimized AB-25 dye for 4 
cycles under the same conditions. After each catalytic cycle, the catalyst slurry was 
centrifuged, washed and dried at 60 oC for 6 hours prior to re-use. The photocatalytic 
efficiencies for the 1st, 2nd, 3rd and 4th catalytic cycles were 99.3%, 97.8%, 94. 60% 
and 92.0% respectively. The catalyst was still stable after 4 catalytic cycles (Fig. 
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5.16). The efficiency decreased slightly after 4 cycles and this may be due to the loss 
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Figure 5.16. Stability of 10% CNS/CdS. 
 
5.7 Reactive species  
The charge carrier trapping experiments were conducted to determine the reactive 
species in the photocatalytic reaction (Fig. 5.17). Benzoquinone (BQ), 2-propanol, 
and ethylene diamine (EDTA) were used to scavenge superoxide radical anions 
(O2●-), hydroxyl radicals and holes (h+) respectively under optimum conditions (20 
mg catalyst, 20 ppm AB-25 (50 mL) at pH 5 ). The addition of BQ, 2 propanol and 
EDTA resulted in the reduction in the photocatalytic degradation efficiency of AB-25 
to 36.5, 93.5 and 85.6% respectively. The photocatalytic efficiency of the composite 
reduced slightly with the addition of 2-propanol and EDTA, suggesting that •OH play 
no major role in the photo-degradation of AB-25. Furthermore the addition of BQ 
resulted in a significant decrease in the photocatalytic efficiency of the 10% 
CNS/CdS composite, indicating that •O2- is the major species for AB-25 photo-
degradation. 
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Figure 5.17.Determination of reactive species with different scavengers for photo-
degradation of AB-25. 
5.8 Proposed photodegradation of AB-25 mechanism 
The proposed mechanism for the charge transfer and separation of charges at the 
interface of the CNS/CdS during photocatalytic degradation AB-25 is shown with a 
schematic diagram (Fig. 5.18). To determine the separation of charge, the band 
edge potentials at the conduction band (CB) and valence band (VB) of CNS and 
CdS were determined using the equations (3.15) and (3.16). The conduction bad 
(CB) potential of CNS at -1.07 was more negative than the conduction band potential 
of CdS (-0.32) and the valence band (VB) potential of CdS at 1.70 eV was more 
positive than the valence band potential of CNS at 1.55 eV. The band potentials of 
CNS and CdS favour the transfer of photo-generated electrons from the surface of 
CNS to CdS while the positive holes are transferred from the surface of CdS to CNS. 
This suggests that the photo-generated electrons and holes move in opposite 
directions and thus reduce the chances of charge carrier recombination and enhance 
the charge separation efficiency. Separation of charges promotes generation of 
reactive hydroxyl and superoxide radicals that participate in oxidative degradation of 





Figure 5.18.The proposed mechanism for photocatalytic degradation of AB-25. 
 
5.9 Conclusions 
This chapter demonstrated the in-situ method of cadmium sulphide-graphitic carbon 
nitride nanosheets (CdS/CNS) with CdS/CNS mass ratios in the range (10-30%) for 
the photocatalytic degradation of acid blue-25. Increasing the CNS loading 
decreased the photocatalytic efficiency of CdS and high AB-25 removal was 
achieved with lower CNS load (10% CNS/CdS). 
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CHAPTER 6  
PHOTOCATALYTIC DEGRADATION EVALUTAION OF DICLOFENAC 
 
6.1 Photocatalytic degradation of DFC 
The photocatalytic activity of 10% CNS/CdS semiconductor catalyst was evaluated 
for the photocatalytic degradation of DFC with maximum wavelength (276 nm). The 
initial concentration, pH and volume were 5 ppm, 6.8 and 50 mL respectively. The 
reaction was carried under visible light irradiation using the experimental procedure 
and set up outlined in section 3.1 (general experiments). Different reactive 
parameters, effect of pH in the range (3-9), catalyst dosage (20-30 mg) and DFC 
concentrations (5-30 mgL-1) were evaluated. Varying the parameters helps 
understand the behavior of catalyst and pollutant. 
 
6.1.1 DFC degradation absorption 
The absorbance of DFC decreased with increasing time; however DFC was not 
removed completely removed after 180 min, as the DFC peak at 276 nm was 
observed after 180 min. Furthermore an increase in absorbance after 90 min in the 
range 240-280 nm maybe due to the formation of intermediates (Fig 6.1).  
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Figure 6.1.UV-Vis absorption spectra of DFC. 
 
6.1.2 Effect of DFC concentration 
The effective of concentration of DFC was varied from 5 to 15 ppm (Fig. 6.2). The 
photocatalytic efficiency decreased with increasing DFC concentrations, achieving 
75.0%, 56.3% and 22.5% for 5, 10 and 20 ppm respectively. The photodegradation 
efficiency decreased with increase in DFC concentration. This was due to the 
scattering of light by higher concentration of organic substrate and less 
transformation of light through the pollutant [224]. Furthermore at higher substrate 
concentration, target molecules occur excessively on the surface of the catalysts and 
reduce the surface area for photodegradation and this may result in hydroxyl radical 
formation which affects the photocatalytic efficiency of the catalyst [225]. Moreover 
inorganic ions such as chlorides, nitrates and carbonates on the DFC structure may 
have inhibited the surface activity of the photocatalyst and consequently reduced the 
surface contact between the DFC itself and the photocatalyst and also scavenged 
both h+ and •OH and thus reducing the number of •OH on the catalyst surface 
[221,226]. 
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Figure 6.2. The effect of DFC concentration. 
 
6.1.3 Effect of 10% CNS/CdS catalyst dosage 
To determine the optimum amount of 10% CNS/CdS for efficient degradation of 
5ppm AB-25 at initial pH 6 was studied in the range 10-30 mg (Fig 6.3). The 
photocatalytic efficiency increased with increasing catalyst amount and the obtained 
efficiency of 10, 20 and 20 mg catalyst were 42.3%, 65.8% and 85.1% respectively. 
The increase in catalyst dosage increased the number of active sites available for 
adsorption of DFC [225,227]. Sufficient light illumination also enhanced excitation of 
electron-holes and effectively degrading DFC [62].  
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Figure 6.3. Effect of catalysts dosage for DFC degradation. 
 
6.1.4 Effect of pH 
The pH of DFC ranging from strong acidic to basic (pH 3 to 9) is shown on (Fig. 6.4). 
The catalyst dosage 30 mg and DFC concentration 5 mgL-1 were used to carry out 
the effect of pH studies. The removal efficiency at pH 3, 4, 6 and 9 were 77.2%, 
82.8%, 65.8% and 46.1% respectively. The highest removal efficiency was achieved 
at pH 4 showing that DFC removal is higher in acidic medium. This is because DFC 
generally exist in molecular form at pH’s lower than 4.5 (pka =4.5) (57) and at higher 
pHs, it exists in anionic form [228,229]. Furthermore DFC is hydrophobic in lower 
pHs (acidic) and hydrophilic at higher pHs (basic or anionic) and at pH value greater 
than pKa value, DFC deprotonates and make it hydrophilic [230]. 
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Figure 6.4. Effect of pH on DFC degradation. 
 
6.1.5 Reactive species  
The quenching experiments were performed to determine the main reactive species 
for DFC photocatalytic degradation (Fig 6.5). Benzoquinone (BQ), 2-propanol, and 
ethylene diamine (EDTA) were added as scavengers for superoxide radical anions 
(O2●-), hydroxyl radicals and holes (h+) respectively. The removal efficiency after the 
addition of EDTA and 2-propanol were 55.1% and 78.9% respectively, suggesting 
that the h+ when compared to ●OH played no important role in the removal of DFC. 
However the removal efficiency by ●OH is high which suggest that they do play some 
role. Furthermore the addition of (BQ) decreased the efficiency by 28.5% suggesting 
that the superoxide ions played more important role than the ●OH and h+ in removal 
efficiency of DFC. 
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Figure 6.5.Determination of reactive species with different scavengers for photo-
degradation of DFC. 
 
6.2 The effect of a mixture of pollutants (AB-25 and DFC) 
Typically in a wastewater treatment plant, various types of pollutants from different 
sources are found, these include pharmaceuticals, dyes, phenols and surfaces. They 
often interact with each other. Many studies have reported on toxicity of on DFC 
mixed with other pollutants such as other pharmaceuticals [72]. DFC has groups 
such as amino, hydroxyl, carbonyls and carboxyl groups in its structure which are 
active and can form metal complexation [231].  When combined with other pollutants 
DFC can result in the disruption of total ecological balances of receiving water 
systems [53,231]. There is little to no studies on the application the photocatalytic 
degradation of DFC mixed with dyes. The 10% CNS/CdS nanocomposite was 
studied for the photodegradation of a pollutant mixture of DFC and AB-25. In this 
section, the effect of 10% CNS/CdS on the degradation of a mixture of DFC and AB-
25, Different reactive parameters such the effect of pH in the range (2-9), catalyst 
dosage (10-30 mg) and effect of AB-25 concentrations on DFC degradation in the (5-
20 mgL-1) were evaluated. 
226 
6.2.1 DFC and AB-25 absorbance 
The photocatalytic activity of 10% CNS/CdS semiconductor photocatalyst was 
evaluated for the photocatalytic degradation of a mixture of DFC and AB-25 under 
the conditions, 5 mgL-1 (pollutant mixture), 20 mg catalyst and initial pH 6. The 
absorbance’s for both DFC and AB-25 deceased with increasing time and after 180 
min almost zero removal of AB-25 was achieved. Furthermore DFC in a reaction 
mixture was not degraded 180 min (Fig. 6.6). This suggested that the catalyst was 
more effective at removing AB-25 than DFC. This may be due to the difference in the 
optimum conditions such as pH and catalysts dosage of the two pollutants. Generally 
it is difficult to remove different classes of pollutants in one mixture, affecting the 
removal rate and in a case of dye cocktails degree of decolonization this is because 
they have different functional groups in different classes of pollutants and thus 
removal parameters for each of the pollutants in the mixture are critical [53,232].  
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Figure 6.6. UV-Vis absorption spectra of AB-25 and DFC mixture. 
 
6.2.2 The effect of AB-25 on DFC degradation 
The effect of AB-25 concentration in the range 5-20 ppm on DFC degradation was 
studied under the conditions 20 mg catalyst and initial pH 6 (Fig. 6.7). The removal 
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efficiencies for DFC at 5, 10 and 20 ppm 50.8.7, 35.6 and 28.9% respectively, while 
the efficiencies for AB-25 at 5, 10 and 20 ppm are 98.3, 97.5 and 75.2% 
respectively. The results showed that the photocatalytic efficiency for DFC 
decreased with increasing AB-25 concentration and that DFC was more resistant to 
degradation than AB-25. The decrease in efficiency at high pollutant concentration 
maybe due to the pollutants saturating the catalyst surface and thus reduce the 
photonic efficiency and deactivation of the photocatalyst [221].  
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Figure 6.7.  Photocatalytic degradation of AB-25 and DFC mixture. 
 
6.2.3 The effect of catalyst dosage 
The amount of catalyst was varied from (10-30 mg) and studies for the photocatalytic 
degradation of a mixture of 5 ppm DFC and AB-25 (Fig. 6.8). The photocatalytic 
efficiencies of DFC at 10, 20 and 30 mg are 27.6, 50.8 and 68.8% respectively and 
for AB-25 at 10, 20 and 30 mg are 89.3, 97.2 and 98.7% respectively. The higher the 
catalysts dosage the higher the photocatalytic efficiency and ascribed to the 
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complete utilization of incident photons striking on the catalysts surface and the 
number of active sites available at the catalysts surface. 
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Figure 6.8.The effect of catalyst dosage on degradation of a mixture of DFC and AB-
25. 
 
6.2.4 The effect of pH 
The pH of the pollutants mixture was studied at the pH range (2-10). The reaction 
conditions of 40 mg catalyst and 5 ppm pollutant concentration (Fig. 6.9).The 
removal efficiencies of DFC at pH 2, 6 and 10 were 88.9%, 68.7%, 66.7% and 24.9% 
respectively and for AB-25 at pH 2, 6 and 10 were 39.7%, 90.4% and 
98.6%respectively. DFC is more removed in strong acidic conditions (pH 2) achieved 
86.1% removal efficiency, while the efficiency decreased greatly in strong basic 
conditions, this was also be observed in individual DFC degradation. Furthermore 
the difference in photocatalytic efficiencies at different pH conditions may be 
ascribed to the difference in their number of electron pairs which induce electrostatic 
attractions between their negatively charged molecules and positively charged 10% 
CNS/CdS nanocomposite at different pH conditions [227].  
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Figure 6.9.The effect of pH on DFC and AB-25 mixture degradation. 
 
6.2.5 Reaction kinetics 
To perform a comparison study in the degradation rate of individual DFC and DFC 
mixed with AB-25, the rate kinetics of 5 ppm DFC at the same pH 6 were evaluated 
by modelling the degradation data using the Langmuir-Hinshelwood first order 
kinetics using the expression (3.13 and (3.14). The rate constants for photolysis, 
individual DFC, DFC (mixture) and AB-25 (mixture are 0.0003, 0.0069, 0.0046 and 






Table 6.1. Reaction rate constants of mixture of AB-25 and DFC 
Pollutants 
 














There rate constant for individual DFC significantly decreased from 0.0069 to 0.0046 
min-1 and AB-25 had the highest rate constant. This may be ascribed to the strong 
electron withdrawing groups of AB-25, thus making the catalyst more drawn towards 
AB-25 than DFC [233] (Fig. 6.10). 
Compared to the rate constant of individual AB-25 (Chapter 5), the rate constant of 
10% CNS/CdS for AB-25 removal increased in a reaction mixture compared to the 
individual AB-25 (chapter 5). This difference in rate constants is due to the low initial 
AB-25 concentrations. The lower the AB-25 concentration, the higher the removal 
efficiency. Furthermore, though the rate constant slightly decreased, the catalyst was 
still effective at AB-25 removal even when it is mixed other pollutants. 
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Figure 6.10. Rate Constants for (a) photolysis, (b) DFC (mixture), (c) individuals 
DFC, (d) AB-25 (mixture). 
 
6.3 Proposed photodegradation of DFC mechanism 
The proposed mechanism for the charge transfer and separation of charges at the 
interface of the CNS/CdS during photocatalytic degradation DFC is shown of 
schematic diagram (Fig 6.10). In order to determine the separation of charge, the 
band edge potentials at the conduction band (CB) and valence band (VB) of CNS 
and CdS were determined using the equations 3.15 and 3.16 [193].  
It was established in the previous chapter that the photo-generated electrons and 
holes move in opposite directions, reducing the chances of charge carrier 
recombination which resulted in enhanced charge separation efficiency. Furthermore 




Figure 6.11. The proposed mechanism for photocatalytic degradation of DFC. 
 
6.3.1 Degradation products of DFC 
The removal efficiency of DFC was further determined by HPLC-TOF-Ms, to 
determine the degradation by-products and hypothesize the possible pathway for its 
degradation (Fig. 6.12a). The results show the decrease in peak intensity of the DFC 
at 296.12 m/z confirming the degradation of DFC with lowest peak intensity after 180 
min.   
The HPLC results at 0 min (in the dark solution) showed four peaks, a prominent at 
296.0241 m/z is ascribed to the conjugate base of DFC, with a proton in positive 
mode, Two peaks at 200.2375 and 130.1591 m/z suggesting the presence of 
intermediates (Fig. 6.11b). The diclofenac sodium peak (318.0064 m/z) is barely 
visible which suggests that the sodium ion reacted with some OH- that may have 
been present in the solution when. Furthermore the peaks (200.2375 m/z) and 
(130.1591 m/z) are still observed after 90 min, suggesting these products remain 
unconverted. The small peak at 278.013 m/z is ascribed to the protonated molecular 
ion peak M + H ●+ of DFC related to the compound (N-2.6-diclorophenyl) indolin-2-
one), it may have resulted due to acid treatment of DFC. The peak at 278.0187 
disappeared, while peaks with lower molecular weight at 270.3162, 108.519 and 
99.512 m/z) were observed. A new weak intensity small peak at 75 m/z is observe 
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Figure 6.12. Mass spectra of UHPLC TOF-Ms during degradation of DFC at (a) 0 
min, (b) 90 min and (c) 180 min. 
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The degradation of DFC (path1) undergoes dehydration and results in the peak at 
278 m/z ascribed to 2-2-(2.6-dichlorophenyl) amino) phenyl) acetaldehyde. The 
intermediate then undergoes decarboxylation, result in the formation of the product 
with molecular weight (mw=250) ascribed to 2.6-dicloro-(2-methyl phenyl) aniline 
observed in literature [230]. The peak at 250 m/z undergoes C/N cleavage and 
results in two low mw intermediated 161 and 108 m/z, ascribed to (2.6-
dichloroaniline) and o-cresol respectively. The intermediates then undergo ring 
opening and results in peaks at 100 and 74 m/z 3-amino-prop-2-en-1-ol respectively. 
A similar mechanism is also shown by (Muguntham et al 2018) [225]. Alternatively 
DFC undergoes decarboxylation and result in intermediate at peak 270 m/z ascribed 
to 2-(2, 6-dichlorophenyl) amino) phenyl) methanol and result in intermediate at 200 
m/z ascribed to 3-(phenyl amino) phenyl) methanol. The peak at 200 m/z then 
undergoes CN cleavage and result in two low mw peaks at 108 and 92 m/z and are 
ascribed to m-toluedene and toluene respectively. Ring opening of the intermediates 
resulted in low mw=74 m/z butan-1-ol (Fig. 6.13). 
 
Figure 6.13.Schematic diagram for the photocatalytic degradation pathway of DFC. 
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6.4 CdS leaching test studies 
The leaching of Cd2+ during photocatalytic degradation of the pollutants was studies 
using the ICP=OES (Fig. 6.14). The initial amount of Cd2+ in solution for CdS 
(0.00116 mg/L) increased to 0.00714 after 180 min. This showing that Cd2+ in CdS 
nanoparticles was unstable. Furthermore the cd2+ leaching reduced to 0.00442 ppm 
after coupling with CNS. This may be due to not enough photogenerated electron 
holes transferred into the DFC solution and not enough holes to cause photo-
corrosion of CdS, this also suggest that CNS suppressed photo-corrosion of CdS 
[146,197]. Another possibility maybe due to the formed heterostructure resulted in 
effective separation and transfer of photogenerated electron holes and reduced the 
photo-corrosion of CdS by self-oxidation and improved photo-stability of CdS [234].  
According to WHO guidelines the maximum contamination level of cadmium in 
drinking water is above 0.005 mL-1 and the long term exposure to Cd2+ concentration 
above 0.005 mgL-1 can result in diarrhoea   , muscle cramps, liver damage and renal 
failure [235]. The amount of Cd2+ leached after coupling with CNS is slightly lower 
than the amount of Cd2+ considered to be toxic and we can deduce that the 
CdS/CNS nanocomposite can be used as alternatives removal of organic pollutants 
in water without re-contamination with Cd2+. 




























Figure 6.14.Leaching studies of Cd2+ of in degradation of DFC at pH 2. 
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6.5 Conclusion 
This chapter demonstrated the photocatalytic degradation of DFC and mixtures of 
DFC and AB-25 using 10% CNS/CdS. The results showed that the removal 
efficiency of the nanocomposite reduced for DFC and was not as effective as it was 
at degrading AB-25. The removal efficiency of DFC in a pollutant mixture of DFC and 
AB-25 reduced by more than 10% and while for AB-25 reduced by just 2%. Proving 
that it is difficult for photocatalyst to remove complex mixtures of organic pollutants 
than it is individual pollutants because of their different optimal conditions. Further 
studies determined that at lower pH, high photocatalytic efficiencies for DFC 
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CHAPTER 7  
CONCLSUION AND RECOMEMDATIONS 
 
7.1 Conclusion 
This study successfully set the objectives and the following conclusions be drawn 
from the results that come from this work. 
❖ The g-C3N4 nanosheets were successfully prepared via chemical exfoliation 
method. CdS microspheres were successfully synthesized using the 
hydrothermal method and the Cd/g-C3N4 heterojunction nanocomposite was 
successfully coupled using the in-situ hydrothermal method.  
❖ The SEM, TEM and EDS confirmed the synthesis of the nanosheets and the 
nanoparticles. They also confirmed successful coupling of CdS and CNS. 
❖ The XRD analysis confirmed no change in the crystallinity of CN after 
chemical exfoliation. The slight increase in the highest peak intensity of CdS 
(27 oC), confirmed the presence of both CNS and CdS thus successful 
formation of CNS/CdS nanocomposite, which resulted in the increase in 
surface area of CdS (1.11 m2g) and the nanocomposite (10% CNS/CdS 4.37 
m2g).  
❖ UV-Vis and PL analysis confirmed that CNS improved that optical properties 
of CdS confirmed by the red shift in the visible light absorption. 
❖ The photocatalyst with 10% CNS/CdS exhibited the highest photodegradation 
efficiency achieving 99.3% removal of 20 ppm AB-25 at pH 5. 
❖ The 10% CNS/CdS was used for photodegradation of DFC and 65% removal 
of DFC was achieved at pH 5. 
❖ In a sample solution containing the mixture of AB-25 and DFC, the catalyst 
was more efficient in dye removal than it was for DFC. This confirmed that 
DFC is harder to degrade in a mixture because of its size which may hinder 
favourable adsorption on the catalyst surface. 
Recommendations 
❖ The photodegradation of AB-25 was a success with respect to the UV-Vis 
analysis. But it is recommended that TOC is used after degradation of the 
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samples to determine the total organic carbon of the pollutants and determine 
extend of the degradation. 
❖ The CNS/CdS nanocomposites should be used on other pollutants to 
evaluate how viable the material is in photodegradation of other pollutants. 
❖ It is also recommended to test the photocatalytic efficacy of CNS/CdS 
nanocomposite for photocatalytic degradation of real waste water. 
 
 
 
 
 
 
